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Abstract 

 

The goal in this work has been to combine the hydrophobic properties of silicones with the 

mechanical strength of epoxies in order to achieve a material well suited for outdoor 

insulation, where hydrophobicity is one of the most important properties. Different methods 

have been employed to implement hydrophobic species into the epoxy. It has been proved 

that no diffusion of hydrophobic low molecular weight species (LMWs) can occur through 

the epoxy matrix. In order to achieve hydrophobic recovery and hydrophobicity transfer effect 

it is thus necessary to create another network through which the LMW species can move. 

Attempts to create such networks consisting of either the hydrophobic species itself or of filler 

particles have been made. It has been seen that the best results are obtained when the 

hydrophobic additives separate and form a well dispersed second phase in the epoxy matrix. 

This can give materials with recovery after corona aging close to that of silicones as well as 

recovery after erosion of the surface. Hydrophobicity transfer effect proved however to be 

difficult to obtain. 
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1. Introduction 

 

There is a long tradition of polymeric insulation for electrical applications; in the 1920’s the 

first insulating parts based on phenolic resins were used in low voltage applications. During 

the 1960’s and 1970’s new polymeric material such as polyurethane, epoxy resins and 

silicones were introduced in medium and high voltage applications [1], [2]. For indoor 

applications, aromatic epoxies are well established and have been used for more than 40 

years. In outdoor applications the demands on the insulator material are quite different, since 

the material not only has to withstand electrical stress, but also the climatic stresses which can 

differ greatly in different locations. In addition, the insulator used for energized high voltage 

line conductors both gives the physical attachment of the conductor to the support structure 

and the electrical isolation between the two. Because of this, not only the insulating properties 

of the used material but also the mechanical properties are of high importance, and 

mechanical stress is added to the endured conditions. 

 

Insulators are largely characterized by the employed dielectric material [3]. In outdoor 

medium voltage applications three main classes of dielectrics are used; porcelain, glass and 

polymer [4]. In later years, polymeric insulations have become increasingly important, and 

they are expected to dominate in the near-future medium voltage applications [1].  

 

Outdoor conditions can have a big influence on the lifetime of the insulator. One of the 

biggest advantages with porcelain and glass insulators is that they are very resistant to the 

aging processes caused both by the climatic conditions and the electrical stress. The two 

materials have very high melting points, giving them high thermal and chemical resistance. 

This makes them resistant to degradation caused by electrical discharge activities. The high 

stability of these materials is due to the strong electrostatic atomic bonds. This also gives the 

materials a high surface free energy, making them easily wetted by water. The insulators thus 

have to be designed as to give sufficient leakage distances (i.e. the sum of the shortest 

distances measured along the insulator surface between the conductive paths) to retain a high 

surface resistance in wet and polluted conditions [4]. The high density of glass and porcelain 

results in very heavy insulators. Another drawback for both porcelain and glass is that they 

are brittle. 
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The use of polymeric materials can reduce the weight of the insulator with up to 90% [4]. 

Polymeric insulators are also less brittle than porcelain and glass, which makes them easier to 

handle and install and more resistant to vandalism. Polymeric materials have a lower surface 

free energy, making their surfaces initially hydrophobic. Hydrophobicity is the ability of a 

material to prevent the forming of a continuous water film on its surface in humid conditions, 

and instead isolated water droplets will form. This is one of the most important properties of 

polymeric insulating materials [5]. It strongly influences the electrical performance of the 

material since the formation of isolated water droplets leads to lower leakage currents and less 

discharge activity. However, polymers are not as resistant to heat and chemicals as glass and 

porcelain, due to weaker electrostatic bonds. Heat from electrical discharge activities as well 

as outdoor conditions including humidity, UV radiation, and pollution will thus cause aging 

of the material. This aging can reduce the electrical and mechanical properties of the polymer 

insulator over time. Also the hydrophobicity of the surface will decrease, with increased 

leakage currents and discharge activities as a consequence. The decrease in hydrophobicity 

will give higher flash-over probability and more erosion, resulting in a shorter life expectancy 

and lower reliability of the insulator [6]. Because of this, the ideal polymeric insulating 

material does not only need an initial surface hydrophobicity, but also intrinsic hydrophobic 

properties making the material able to recover its lost hydrophobicity as well as to transfer 

hydrophobicity to hydrophilic pollution layers on its surface (hydrophobicity transfer effect). 

The hydrophobicity transfer effect is very important, since insulators used in outdoor 

applications will be exposed to dust and pollution that can cover the surface, turning it 

hydrophilic. 

 

The two polymeric materials that are most often used in outdoor electrical insulations are 

silicones and cycloaliphatic epoxies. The cycloaliphatic epoxies are preferred to aromatic 

epoxies in these conditions due to their good tracking resistance and high stability when 

exposed to UV radiation. They exhibit good mechanical (due to a high filler load) and 

electrical properties in combined electrical and climatic stress and in addition, they are 

relatively cheap compared to silicones. However, due to the polar backbone of epoxy, they do 

not exhibit any intrinsic hydrophobic characteristics such as hydrophobic recovery and 

hydrophobicity transfer effect. Silicones, on the other hand, have an excellent intrinsic 

hydrophobicity. The drawbacks of silicones are instead the higher price and their poor 

mechanical properties [2]. The low mechanical strength calls for reinforcements when the 

material is used in support insulators, a factor that further increases the cost. 
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The goal of this work has been to investigate approaches on how to implement intrinsic 

hydrophobic properties similar to those of silicone into the mechanically stronger and more 

cost-effective epoxy by introducing hydrophobic species to the epoxy matrix. The basic 

problem is that the different polarities of the two materials make them immiscible. The 

problem has been approached before in [3], [7], [8] and different methods have been 

identified: 

 

1. To let the silicone separate from the epoxy matrix and try to disperse it as finely as 

possible to create a two phase system where the oil form micro domains from 

which low molecular weight species can diffuse through the matrix to the polymer 

surface. The silicone droplets can be stabilised in the matrix by the use of 

surfactants. See also Figure 9 [3]. 

 

2. To try to create an Interpenetrating Polymer Network through which the LMW 

species can migrate. Different attempts have also been made to stabilise the 

silicone in the epoxy matrix by the use of functionalised silicones and stabilisers, 

so that no phase separation occurs [7]. 

 

3. To create a network of filler particles to let the LMW species diffuse either 

through the filler particles or along the filler/epoxy interface. Part of the filler has 

been substituted with silicon treated porous filler in order to facilitate this 

diffusion. However, the diffusion through the filler particles can only occur if there 

is enough filler content for the particles to percolate, something that has proven 

difficult to achieve [8]. 

 

In this project, all three approaches will be examined further, the goal of the work being to 

find an epoxy material exhibiting not only initial hydrophobicity but also hydrophobic 

recovery and hydrophobicity transfer effect. The phase separation should be minimised in 

order to get a homogeneous material. For cost reasons, the material should contain about  

60-65 weight percent filler and not be too complicated to produce. 
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The materials will first be tested for hydrophobic recovery. If this is achieved, the 

hydrophobicity transfer will be evaluated. Once a material with satisfying hydrophobic 

properties has been found, its mechanical properties will also be evaluated. The end product 

should fulfil the following requirements: 

 

- Tensile strength  σB = 60-90 MPa; 

- Elongation at break εB = 1.2-1.6 %; 

- Young’s modulus Et = 8000-12000 MPa; 

- Water absorption (10 days at 23 °C) AW = ~ 0.10-0.20 %; 

- Density (Filler load: 65 weight percent) ρF = ~ 1.9 g/cm3; 

- Dielectric constant  εR = ~ 4 (50 Hz); 

- Dielectric strength DS = > 20 kV/mm; 

- Glass transition temperature (DSC) Tg = 75-110 °C. 
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2. Theory 

 

2.1 Hydrophobicity 

The hydrophobicity level of a material is a measure of the material’s ability to repel water. 

A high degree of hydrophobicity gives a low wettability, and this is an important factor for 

the lifetime and the performance of polymeric outdoor insulators in high and medium voltage 

applications [9]. 

 

A material’s hydrophobicity level can be evaluated by measuring the static contact angle (θ), 

which is the angle between the interface of a water droplet placed on a flat surface of the 

material and the surface itself (Figure 1a).  The shape of the drop, and thus the static contact 

angle, depends on the three-phase equilibrium between the surface tension of the solid (γSV), 

the solid-liquid interface (γSL) and the liquid (γLV). This equilibrium is given by the Young 

Equation (1) [10]: 

 

γSV - γSL = γLVcosθ  [N/m]    (1) 

 

If the static contact angle is higher than 90° the surface is said to be hydrophobic, and if it is 

lower than 90° the surface is hydrophilic (Figure 1). The hydrophobicity level is directly 

linked to the polarity of the material, which in turn can be described by the surface energy. On 

non-polar surfaces, applied water will form discrete droplets in order to reach the 

energetically most favourable state. Water applied on polar surfaces, however, will spread 

over the surface due to its similar polarity [11]. 

 

  

Figure 1a. Contact angle (θ) on hydrophobic surface. Figure 1b. Contact angle (θ) on hydrophilic surface. 

 

 

 

γLV 

γSV γSL 
θ θ 
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By placing the droplet on an inclined surface, or by adding or removing water from a droplet 

placed on a horizontal surface, the advancing and receding contact angles (θA and θR) can be 

measured (Figure 2). These are called the dynamic contact angles and can provide 

information on the surface free energy of a solid and on the macroscopic roughness of the 

surface respectively [5], [12]. 

 

 
Figure 2. Advancing (θA) and receding (θR) contact angles [11]. 

 

2.1.1 Dynamic properties of hydrophobicity 

Just as important as the degree of hydrophobicity are the dynamic properties of 

hydrophobicity, i.e.: 

 

1. Stability against the loss of hydrophobicity due to aging (hydrophobic endurance). 

2. Recovery of hydrophobicity. 

3. Transfer of hydrophobicity through pollution layers on the material surface 

(Hydrophobicity Transfer Effect – HTE). 

 

The stability of the hydrophobicity depends on the chemical bonds in the polar backbone of 

the polymer as well as the type of environmental stresses that the material has to endure. 

Stronger chemical bonds give a higher resistance to degradation, like for example oxidation 

and carbonisation, which lead to decomposition of the polymer matrix into polar reaction 

products. 

 

The recovery of hydrophobicity can be the result of a reorientation of polar groups in the 

backbone of the polymer into the bulk of the material. It can also be due to the migration of 

low molecular weight hydrophobic molecules (LMW) from the bulk of the material to the 

surface [1], [2], [5]. This diffusion is strongly temperature dependant [13], [14]. The LMW 

species can be produced both in the polymerisation process and during the degradation of the 

polymer [5]. 

θA 

θR 
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The hydrophobicity transfer effect is also due to the diffusion of low molecular weight 

species. The difference in concentration of LMW species in the pollution layer - which is 

normally hydrophilic - and the bulk material will cause the low molecular weight species to 

diffuse through the layer, thus rendering it hydrophobic (Figure 3). 

 

 
a.) Water droplet on virgin 
hydrophobic surface. 

 b.) The surface is contaminated 
by a hydrophilic pollution layer. 

 c.) The diffusion of LMW 
species from the bulk of the 
material turns the pollution 
layer hydrophobic. 
 

Figure 3. Hydrophobicity transfer effect from a polymer to a hydrophilic pollution layer. 
 

2.1.2 The influence of surface roughness 

The contact angle is influenced by the surface roughness of the material, as shown in Figure 4 

[10]. The observed static contact angle (θO) of a droplet applied on a rough surface will not be 

the same as the true contact angle (θT) between the droplet and the material. In the model 

described in Figure 4, it is assumed that the true angle stays the same as the drop moves over 

the material. If this angle is large, and the surface sufficiently rough, the case described in the 

right hand picture can occur, where air gets trapped between the drop and the material. This 

means that the observed angle will be higher than the real angle for a hydrophobic material 

(where θT is large), and lower than the real angle for a hydrophilic material [10]. The effect of 

an increased surface roughness on the static contact angle for materials with initial contact 

angles superior, equal or inferior to 90° can be seen in Figure 5 [11]. This dependency on the 

surface roughness has to be taken into account in the evaluation of contact angle 

measurements in order to prevent misinterpretation. 

 

Contamination Transfer 
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Figure 4. The influence of the surface roughness on the contact angle. The true contact angle (θT) stays the 
same as the drop moves over the material, whereas the observed contact angle (θO) changes [10]. 
 

10

30

50

70

90

110

130

150

00.20.40.60.81 Surface Roughness r [-]

S
ta

tic
 C

on
ta

ct
 A

ng
le

 [°
]

= 90°

> 90°

< 90°

10

30

50

70

90

110

130

150

00.20.40.60.81 Surface Roughness r [-]

S
ta

tic
 C

on
ta

ct
 A

ng
le

 [°
]

= 90°

> 90°

< 90°

 
Figure 5.  The relation between increasing surface roughness and static 
contact angle for materials with initial contact angles superior, equal or 
inferior to 90° respectively [11]. 

 

 

2.2 Aging of polymeric insulators 

During outdoor service, the polymeric insulator will be exposed to climatic, electrical and 

mechanical stress as well as pollution of the insulator surface. These factors will all contribute 

to the aging of the material, and thereby influence the lifetime of the insulator. 

 

The aging of polymeric insulators can be described by the model depicted in Figure 6 [1]. The 

virgin surface of the material is hydrophobic, which means that if it is wetted isolated droplets 

will form. On this surface only a small capacitive current will flow due to capacitive 

displacement currents between the droplets. During service, the electrical stresses, and in the 

case of outdoor isolation also the climatic stresses, can initiate micro discharges on the 

surface. These discharges can cause chemical degradation of the polymer network changing 

θT 
θO θT 

θO 
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the properties of the surface and decreasing the hydrophobicity [1], [2], [15]. The early aging 

period (EAP) ends when the surface has turned completely hydrophilic and a continuous 

water film can form in the presence of moisture, leading to a significantly increased leakage 

current. The late aging period (LAP) is characterised by thermally induced deterioration of 

the polymer due to dry-band arching. This causes an incomplete oxidation of the polymer, 

producing a deposition of carbon black. This process is also called tracking, and leads to the 

final failure of the insulator. 

 

0,01

0,1

1

10

100

1000 90

45

ΘRΘR

Leakage Current Criterion

 
Figure 6. Model for the aging of a polymeric insulator surface [1]. 

 

For outdoor insulators the climatic conditions will accelerate the aging process, making the 

EAP shorter. In order to increase the lifetime of the insulator it is therefore important to 

postpone the loss of hydrophobicity that marks the end of the EAP. This can be done by 

increasing the hydrophobic endurance as well as the recovery and transfer effects of the 

material. 
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2.3 Epoxy resins 

Epoxy resins are based on cross linked polymer networks consisting of ester and ether groups. 

They are characterised by a high crosslink density, which gives the material good mechanical 

properties. They are therefore often used in applications where strength, stiffness and 

durability are demanded. Epoxies are resistant to chemicals and heat and they have good 

processing properties and dimensional stability. By adding a high filler load, the strength of 

the material and the dimensional stability can be increased further. The filler also reduces the 

cost of the material. 

 

Because of their excellent electrical properties as well as their good adherence to other 

electrical engineering materials, epoxies have been used in medium and high voltage 

applications since the 60’s [1]. Epoxies used in electric insulation are always filled because of 

the price reduction. Furthermore the use of silanised silica flour as filler reduces the 

absorption of water and improves the dielectrical properties of the material. 

 

Epoxies are hydrophilic materials. In the beginning of their lifetime, however, the surfaces of 

epoxy systems show hydrophobic properties due to surface effects from the casting and the 

release agent. During service, this hydrophobicity will decrease due to aging of the material. 

Since the network density of epoxy is too high to permit a quick reorientation of the polar 

groups on the surface, and since they contain no hydrophobic low molecular species, the lost 

hydrophobicity will not recover. Consequently, epoxies do not show any hydrophobicity 

transfer effect either. 

 

In outdoor electrical applications mainly cycloaliphatic epoxies are used, due to their superior 

UV stability and good tracking resistance [2], [16]. The aging of outdoor insulators is 

accelerated by the climatic stresses including rain and pollution. This will make their early 

aging period (EAP) very short compared to indoor insulators (Figure 7) [11]. The lifetime of 

the insulator is thus determined by the late aging period (LAP), which is extended by the high 

tracking resistance of cycloaliphatic epoxies. During the LAP the epoxy surface is already 

hydrophilic, which leads to high leakage currents and more discharge activity. This gives a 

higher flash-over probability and a less reliable insulator [6]. In order to further improve the 

lifetime and the reliability of epoxies used in outdoor insulators it is thus necessary to increase 

the EAP. To do this it is crucial to improve the hydrophobic properties of the material, and to 

induce hydrophobicity transfer and recovery [15]. 
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Figure 7. Comparison of the aging behaviour of an epoxy insulator 
operating in indoor conditions (black curve) and a cycloaliphatic epoxy 
insulator operating in outdoor conditions (grey curve) [11]. 

 

 

2.4 Silicones 

Silicones are often used in outdoor insulation due to their good electrical properties and their 

intrinsic hydrophobicity [13], [17]. The excellent hydrophobic properties give improved 

electrical performance in wet and contaminated conditions and retard the aging of the material 

[5]. The hydrophobic recovery and transfer effect of silicones are also very high. 

 

The chemical structure of silicones based on polydimethylsiloxane (PDMS) is shown in 

Figure 8 [3]. The bonds between silicone and oxygen are strong, making the polysiloxane 

backbone more resistant to degradation than for example epoxy [7]. The methyl side groups 

give the material its hydrophobicity. The low glass transition temperature of silicone (below  

-120°C for PDMS [17]) gives a material that is very flexible and has a low network density at 

room temperature. The energy for the rotation around the siloxane bonds is very low due to 

the low crosslink density [13]. This favours hydrophobic recovery by reorientation of methyl 

and hydroxyl groups [13], [17]. 

 

 
Figure 8. Chemical structure of silicones based on PDMS [3]. 
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The hydrophobicity of silicones is also due to the presence of low molecular weight species 

(LMW) in the material. The LMW species originate from the processing of the material and 

are formed by thermodynamic equilibrium reactions. If the silicone surface becomes 

hydrophilic due to aging, the difference in concentration of LMW species in the bulk and on 

the surface of the material will initiate a diffusion process. The diffusion rate from the bulk to 

the surface depends on the temperature and on the length of the silicone chains in the LMW 

species. This length can vary from n=1 to 20 [13], [18]. The shape of the low molecular 

weight species can also vary, and this will in turn affect their properties [19]. Due to the 

flexible nature of silicone, the LMW species can move easily even at low temperatures. The 

diffusion of low molecular weight species that are not chemically bound to the network can 

also continue through hydrophilic pollution layers on the surface, thus turning the layer 

hydrophobic (Hydrophobicity Transfer Effect, HTE) (See Figure 3). 

 

 

2.5 Comparison between epoxy and silicone for outdoor insulators 

In the following table the advantages and disadvantages of epoxies and silicones in outdoor 

insulation applications are shown [1]. 

 
Table 1. Advantages and disadvantages of epoxy and silicone. 

 Epoxy Silicone 

Advantages 

- Good mechanical properties 

- Low price 

- Good electrical properties 

- Longer lasting hydrophobicity 

- Hydrophobic recovery 

- Hydrophobicity Transfer Effect 

Disadvantages 

- Short early aging period, loses 

its hydrophobicity easily 

- No hydrophobic recovery 

- No Hydrophobicity Transfer 

Effect 

- Poor mechanical strength 

- High price 

 

 

2.6 Principle of hydrophobic epoxies 

The aim is to create a material that combines the advantages of the epoxy with the 

hydrophobicity of the silicone. This has already been attempted before and even reported to 

work for the cycloaliphatic epoxy CY5622 from Huntsman [3], [7], [8] and [20]. 
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The problem can be approached in different ways. The ideal would of course be to be able to 

mix the epoxy matrix with a silicone component that would provide the material with 

hydrophobic LMW species that could diffuse through the material, thus giving a material with 

intrinsic hydrophobicity as well as hydrophobicity recover and transfer effect. The problem is 

that silicone and epoxy are immiscible due to their different polarities, and the added silicone 

oils tend to separate completely from the epoxy resin. However, by intense mixing and the 

adding of a stabiliser, a two-phase system of finely dispersed silicone droplets can be 

obtained. When the surface of the material is eroded from aging, the oil reservoirs will be 

opened, and there will be hydrophobic recovery of the surface due to the liberation of silicone 

oil (Figure 9) [3]. However, the oil can easily be washed out of these reservoirs, and 

regeneration is only obtained inhomogeneously and by additional erosion of the surface. It is 

therefore desired to stabilise the oil to such an extent that it will not separate from the resin, 

which would give a homogeneous material with an intrinsic hydrophobicity. In order to 

achieve this, different combinations of oils, waxes and stabilising agents have been used in 

this work. 

 

 
 
 
 
 
 
 

 

 

 

 

 
Figure 9. Example of a two-phase system of silicone droplets in the epoxy matrix. 
Erosion of the surface opens new oil reservoirs and the surface can recover its 
hydrophobicity [3]. 

 

To get hydrophobic recovery and hydrophobicity transfer effect, the silicone must not only be 

mixed with the epoxy, the LMW species also need to be able to move through the matrix. 

However, the high network density of the epoxy makes diffusion very difficult. In order to 

improve the mobility of the LMW species, an epoxy with lowered glass transition temperature 

can be made by adding a flexibiliser. Of course, a lowered Tg will also reduce the mechanical 

strength of the material, but at least this would allow to see if the diffusion of LMW species is 

at all possible. 

Droplets of  
silicone oil 

Surface of polymeric  
sample before aging 

AGING 

Surface of polymeric  
sample after aging 

Epoxy matrix 
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If, however, there can be no diffusion whatsoever through the epoxy matrix, other networks 

have to be created where the LMW species can move through the material. This network can 

consist of dispersed silicone (Interpenetrating Polymer Network) or of filler particles [7], [8]. 

The diffusion through a filler network can either take place at the filler-matrix interface or 

through the filler particles (Figure 10). For the diffusion to take place, enough filler has to be 

added in order to create a continuous network throughout the material. Different fillers will 

give the material different final properties, and also affect the stability of the silicone. 

However, in this work one single filler will be used, the epoxy silane treated silica W12EST, 

since this is the filler that is meant to be used in the final product. The silane treated silica 

gives a reduced water uptake and this gives the material good dielectric properties. In order to 

create the filler network for the silicone to move through, all or part of the filler can be pre-

treated with silicone oil in different ways [7], [8]. 

 

 
Figure 10. Diffusion of silicone through the filler 
particles and along the filler/epoxy interface. 

 

The possible ways of inducing hydrophobicity in the epoxy that will be examined in this work 

are: 

1. By dispersing and stabilising added silicones in the epoxy in such a way that no 

second phase is created. The added silicones could then create a network through 

which the hydrophobic LMW species can move through the material. 

 

2. By lowering the Tg of the material to facilitate and accelerate the diffusion of added 

LMW species. 

 

3. By creating a network of silicone impregnated filler particles through which the 

diffusion of LMW species can take place. 
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3. Experimental Part 

 

3.1 Materials 

All the relevant materials used in this work have here been listed together with their 

description, chemical formula, properties and supplier. An overview of all materials can be 

seen in Table A in appendix 8.1. 

 

1. CY184 - Epoxy Resin 

Hexahydrophtalic Acid Diglycidylester,  

1,2-Cyclohexanedicarboxylicacid-bis(2,3-epoxypropyl)ester 

Formula:  C14H20O6 

 Molecular Weight MW in g/mol: 284.31 

 Boiling Point in °C: > 200 

 Viscosity η in mPa s at 25 °C: 700-900 

 Density ρ in g/cm3 at 25 °C: 1.20-1.25 

 CAS no:  5493-45-8 

 Supplier:  Huntsman Ltd 

 

2. HY1235 - Hardener 

 Hexahydrophthalic Anhydride (70%), Metylhexahydrophthalic Anhydride (30%) 

Formula:  C8H10O3 

 Molecular Weight in MW in g/mol: 154.17 

 Boiling Point in °C: > 200 

 Viscosity η in mPa s at 25 °C: 70-80 

 Density ρ in g/cm3 at 25 °C: 1.18-1.20 

 CAS no:  85-42-7 / 25550-51-0 

 Supplier:  Huntsman Ltd 
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N

3. DY062 – Catalyst 

Benzyldimethylamine 

Formula:  C9H13N 

Molecular Weight MW in g/mol: 135.21 

Melting Point in °C: -75 

Boiling Point in °C at 18 mm Hg: 183 

Viscosity η in mPa s at 25 °C: ~10 

Density ρ in g/cm3 at 25 °C: 0.88-0.92 

CAS no:  103-83-3 

Supplier:  Huntsman Ltd 

 

4. CY 221 – Epoxy resin 

 Bisphenol A-(epichlorhydrin), diglycidylether of polypropylenglycol  

Boiling point in °C: > 200 

Viscosity η in mPa s at 25 °C: ~ 450 

Density ρ in g/cm3 at 25 °C: 1.125 

CAS no:  25068-38-6 / 9072-62-2 

 Supplier: Huntsman Ltd. 

 

5. CY5622 – Epoxy resin 

Cycloaliphatic epoxy (Hexahydrophtalic Acid Diglycidylester) and three polysiloxanes 

Boiling point in °C: > 200 

Viscosity η in mPa s at 25 °C: 3000-5000 

Density ρ in g/cm3 at 25 °C: 1.10-1.15 

CAS no:  5493-45-8 

 Supplier: Huntsman Ltd. 

 

6. HY 920 - Hardener 

Viscosity η in mPa s at 25 °C: 3400 

Density ρ in g/cm3 at 25 °C: 1.03  

 Supplier: Huntsman Ltd. 
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7. DY 040 - Flexibiliser 

 Polypropylenglycol  

Viscosity η in mPa s at 25 °C: 64-74 

Density ρ in g/cm3 at 25 °C: 1.02-1.04 

CAS no:  25322-69-4 

 Supplier: Huntsman Ltd. 

 

8. AK10 - Silicone oil 

Polydimethylsiloxane 

Molecular Weight MW in g/mol: 630 

Melting Point in °C: <-80 

 Viscosity η in mPa s at 25 °C: 9.3 

Density ρ in g/cm3 at 25 °C: 0.93 

CAS no:  63148-62-9  

Supplier:  Wacker 

 

9. AK 250 - Silicone oil 

Polydimethylsiloxane 

Flashpoint in °C: > 300 

Viscosity η in mPa s at 25 °C: 240  

Density ρ in g/cm3 at 25 °C: 0.967   

Supplier:  Wacker 

 

10. AK 30000 - Silicone oil 

Polydimethylsiloxane  

Flashpoint in °C  > 320 

Viscosity η in mPa s at 25 °C: 29 100 

Density ρ in g/cm3 at 25 °C: 0.97   

Supplier:  Wacker 
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11. L9300 – Reactive silicone oil 

Epoxy terminated Polydimethylsiloxane 

Molecular Weight MW in g/mol: 40 000 

Boiling point in °C: > 150°C 

Viscosity η in mPa s at 25 °C: 5000-7000 

Epoxy contents in %weight: 1.1 

Supplier: Witco (Osi) 

 

12. L9299 – Reactive silicone oil 

Epoxy terminated Polydimethylsiloxane  

Molecular Weight MW in g/mol: 4000 

Epoxy contents in %weight: 10.0 

Supplier: Witco (Osi) 

 

13. PDS1615 – Silicone oil 

Diphenylsiloxane - Dimethylsiloxane Silanol 

Formula:  C9H23NO3Si 

Molecular Weight MW in g/mol: 900-1000 

Boiling Point in °C at 18 mm Hg: 205 

Viscosity η in mPa s at 25 °C: 50-60 

CAS no: 68083-14-7 

Supplier: ABCR Karlsruhe 

 

14. EPM263 – Flexibiliser 

 2,6-Diisopropyl naphtalene   

Formula:  C16H20 

 Boiling point in °C: 290-295 

Viscosity η in mPa s at 20 °C: 11 

Density ρ in g/cm3 at 15 °C: 0.96 

 Supplier: Bakelit AG 

 CAS no: 38640-62-9 (DIPN) / 24157-81-1 (2,6-)  
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3.2 Equipment 

A list of the different experimental equipment used in this work can be found in Table 2. 

 

Table 2.  List of experimental equipment. 

Equipments Types Manufacturers 

Differential Scanning Calorimetry DSC Pyris 1, DCS - 7 Perkin-Elmer 

Optical Microscope Universal Microskop Axioplan Zeiss Germany 

Goniometer G10/Drop Shape Analysis Krüss 

Climatic Chamber KPK 200 Feutron 

Scanning Electron Microscope CS24 CamScan 

Grinding Machine Vitax Handling Landert Motoren AG 

Sputter Coater SEM - Balzers Union 

Mortar Grinder  Pulverisette Fritsch 

Rheometer CVO Bohlin Instruments 

Ultrasonic Cleaning Device Ultrasonic TPC-25 Telsonic 

Oven Vacutherm 6130M Heraeus Instruments 

Vacuum Pump TKA90L4 SMEM Italy 

Ultra-Turrax  T-25 basic IKA Labortechnik 

Generator for corona - Phenix technologies 

 

 

3.3 Test and measurement methods 

 

3.3.1 Evaluation of Hydrophobicity 

 

Contact angle measurement 

The most common method used to evaluate the hydrophobicity of a surface is the measure of 

contact angles of water droplets applied on the surface. The static contact angle can be 

measured, as well as the dynamic ones (advancing and receding), providing different 

information about the surface properties. A material with a static contact angle > 90° is said to 

be hydrophobic. 

 

In this work, the contact angle measurements were done with a Krüss goniometer coupled to a 

digital camera and to a computer with a drop shape analysis program (Figure 11). With a 

syringe, a droplet of about 10 µl of deionised water was applied on the surface of the tested 
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material, and the static contact angle was measured. By gradually adding water to the droplet 

the advancing contact angle could also be evaluated. These measurements were repeated in 

five places on each sample, in order to account for possible inhomogeneities. For each 

material, the median value of these five measurements has been presented. The receding angle 

could not be measured properly with the used set up. 

 

 
Figure 11. The set up for contact angle measurements. 

 

Spray test 

A quicker and simpler, but not less relevant way of determining the hydrophobicity level of a 

surface is by doing a spray test. It is also a good complement to the goniometer since it is not 

as sensitive to changes in the surface roughness of the material. The sample is held at an angle 

of 45°, and then sprayed with a fine mist of water during about 20 seconds using a normal 

spray bottle. The hydrophobicity level is evaluated using the hydrophobicity classes  

(HC1-HC7) defined by the IEC (International Electrical Commission) [21]. Examples of 

surfaces with levels HC1-HC6 is shown in Figure 12. HC level 7 corresponds to a completely 

wetted surface. For electrical applications it is important that the water droplets do not form a 

conductive path on the surface in order to prevent leakage currents. Consequently a 

hydrophobicity level of HC1-HC3 is needed. 

 

The simplicity of this evaluation method makes it possible to be used also for insulators in the 

field. However, an exact determination of which class to assign to a material can be difficult 

to make, and there is always a measure of personal estimation. The small difference between 

the most hydrophilic levels (HC6 and HC7) were not deemed to be relevant for this work, and 
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because of this all materials estimated as having levels HC6 and HC7 have been assigned 

level HC6. 

 

 Figure 12. Classification of spray test hydrophobicity levels [21]. 

 

3.3.2 Evaluation of the hydrophobicity transfer effect 

The evaluations of the hydrophobicity transfer effect (HTE) of the tested materials have been 

done according to the guidelines proposed by Kindersberger in the document  

CIGRE WG D1.14 01-05 from January 2005 [22]. The materials were cut in samples 

measuring 50mm x 50mm, and the surfaces were cleaned with isopropanol and then rinsed 

with deionised water. After letting the samples dry for at least 24 hours, an artificial pollution 

layer was applied. To get the right thickness of the pollution layer, a template made by 

adhesive foil was used. The template leaves a window of 30mm x 30mm where the layer can 

be applied, and the thickness of the foil is 0.36 mm (Figure 13).  

 

 
Figure 13. Sample with adhesive foil [22]. 

HC 1 HC 2 HC 3 

HC 4 HC 5 HC 6 
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To create the pollution layer, a slurry consisting of 7.5 g silica powder (SF600 - non silinised, 

medium grain size 3 µm, Quarzwerke Frechen) and 3.5 ml of isopropanol mixed with water 

(65% water and 35% isopropanol) was prepared and applied on the sample. By using a plastic 

stick, the excess slurry was wiped off, leaving an even pollution layer of the same thickness as 

the template. 

 

The slurry was left to dry, and the hydrophobicity transfer effect was measured at different 

time intervals (the time when the layer is applied is counted as t=0) by measuring the static 

and advancing contact angle of drops applied on the pollution layer (Figure 14). For materials 

that show no hydrophobicity transfer, the drops deposited on the pollution layer spread out 

and diffuse into the silica layer. Where hydrophobicity transfer has taken place, the drops are 

stable and the pollution layer is not wetted. The contact angle can then be measured to 

evaluate the level of the transfer. Once again, the angles were measured in five different 

places on each sample to avoid errors due to uneven pollution layers, and the median of these 

five values was recorded as the contact angle of the pollution layer. 

 

 
Figure 14. A silicone sample with artificial 
pollution layer and five applied drops from 
the contact angle measurements. 

 

The advantage of the guidelines presented by Kindersberger, compared to the method 

presented by Janssen [23], is that they give a test method with results measured by goniometer 

as opposed to transfer levels based on visual estimation and classification. The Kindersberger 

method uses pollution layers which are easily reproduced and the results obtained can be 

compared for different materials and laboratories. The Janssen method was earlier used since 

it was the only method that worked well for epoxies. 
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3.3.3 Evaluation of Hydrophobic Recovery 

The hydrophobic recovery of the materials was evaluated by aging the surface until it became 

hydrophilic, and then measuring the hydrophobicity level at different time intervals to see 

when and if the hydrophobicity was regained. The aging was done with two different 

methods; mechanical grinding of the surface to simulate erosion and corona treatment. 

 

Corona treatment  

The hydrophobic recovery after loss of hydrophobicity due to electrical discharges can be 

evaluated using a corona set up. The material is exposed to controlled electrical discharges 

during a determined time period, causing the surface of the sample to turn hydrophilic. This 

treatment gives an accelerated version of the aging caused by partial discharges that the 

insulator will endure in service [15]. 

 

 
Figure 15. The upper figure shows the corona set up and 
the lower image the position of the needles [13].   

 

In Figure 15 the corona set up can be seen. A multiple needle electrode was used, with  

31 needles positioned as to give a homogeneous electric field [13]. Two different parameter 

combinations were used in the testing; 

 

1. Using a distance between the sample and the tips of the needle of 15 mm and an AC 

voltage of 10 kV during 16 h. 

2. Using a distance of 40 mm and an AC voltage of 20 kV during 16 h. 
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Before the treatment all samples were cleaned for five minutes in isopropanol in the ultra 

sonic bath and the initial contact angles were measured. Spray tests and contact angle 

measurements were done directly after the treatment, and then at different time intervals. 

Figure 16 shows the surface of the reference sample (filled epoxy, CY184/HY1235 with filler 

W12 EST) after corona. The pattern indicates that the electric field is not homogeneous. 

Because of this, the contact angle measurements were done in five different places on each 

treated surface, and the median value was used. 

 

 
Figure 16. Filled epoxy reference sample 
(CY184/HY1235) after corona treatment (using 
the first parameter combination). 

 

Mechanical grinding 

An easy way to age the surface is by mechanical grinding to simulate mechanical erosion. 

Grinding is also an effective way of removing surface layers of oil and wax which can 

otherwise cause an inaccurate interpretation of the properties of the material. After grinding 

with sandpaper (roughness 60) by the use of a mechanical grinder, the samples were cleaned 

in isopropanol in the ultra sonic bath for five minutes. The samples that had not turned 

hydrophilic after this treatment were washed again until level HC6 was reached. The 

hydrophobic recovery was evaluated by spray tests after different time intervals. The samples 

showing good recovery were again washed until hydrophilic, to see if this recovery could be 

reproduced. 

 

3.3.4 Evaluation of Hydrophobic Endurance 

During service, outdoor insulators will be subjected to climatic stress caused by humidity, 

UV-radiation and temperature. The UV-radiation can cause chain scission due to formation of 

radicals on the polymer surface, and a combination of humidity and temperature can lead to 
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hydrolytic reactions that break up the ester bonds of the epoxy resin [11]. This will lead to 

erosion of the surface and loss of hydrophobicity. 

 

To simulate the aging that the insulator will have to endure in service and to evaluate how 

resistant the different materials are to this, the samples were, after cleaning, put in a climatic 

chamber with UV radiation, at a temperature of 60°C and a relative humidity of 80%. At 

different time periods the hydrophobic endurance of the samples was evaluated by measuring 

the contact angle and by spray tests. 

 

3.3.5 Differential Scanning Calorimetry 

The Tg measurements of the samples were done using Differential Scanning Calorimetry 

(DSC). In the DSC the measured sample and an empty pan (for reference) are heated to the 

same temperature using individual heaters. The DSC measures how much energy each heater 

needs in order to increase the temperature at the same rate. As the temperature increases the 

heat release and heat uptake of the sample, as well as changes in the heat capacity, can be 

measured. From this information material properties such as the melting point, heat capacity, 

heat of reaction and the glass transition temperature can be determined. 

 

For the Tg measurements done in this work a heating ramp of 10°C/min was used, starting at 

50°C and going to 180°C. The sample was kept at 180°C for one minute, and then the 

temperature was decreased to 50°C again, and the ramp was repeated a second time. For the 

samples with low Tg the ramp was set between -20°C and 100°C. 

 

3.3.6 Morphology 

The morphology of the samples was investigated both by SEM and by optical microscope. 

The optical microscope was used to give a fast overview of the surface morphology. In cases 

where it was interesting to see the internal morphology of the samples with a higher 

resolution, the SEM was used. The samples viewed in the SEM were first broken with the 

help of liquid nitrogen to get a cold fracture surface (brittle surface) and then sputtered with 

gold to get a conductive surface layer. 

 

Scanning Electron Microscopy (SEM) is mainly used for studying the surface topography of 

solid materials. A fine beam of electrons is focused upon the specimen using electromagnetic 

lenses. As the beam hits the surface different phenomena take place such as emission of 
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secondary electrons, backscattering of incident electrons and emission of x-rays. The 

secondary electrons are inelastically emitted from the uppermost surface of the sample. The 

intensity of the secondary electron emission results from changes in the surface topography of 

the sample. The backscattered electrons can be detected from deeper down in the specimen, 

and are a product of the elastic scattering of the primary beam. In an image formed by 

collection of backscattered electrons, the contrast results from compositional differences since 

the intensity depends on the average atomic number of the area interacting with the beam 

[24]. 

 

 

3.4 Sample preparation 

The reference used for comparison of the properties of the modified systems was the filled 

epoxy system CY184 provided by Huntsman, which is normally used for electric insulation in 

outdoor conditions. The filler used was the silane treated silica W12 EST because of its good 

dielectric properties in humid outdoor conditions. The filler was kept at 60°C to dry. 

 

The resin was prepared by first mixing the required amounts of epoxy, hardener and catalyst 

(Table 3). The filler was added while mixing the resin with a mechanical mixer. Once a 

homogeneous mixture had been obtained it was degassed in a vacuum oven for about  

15 minutes at a pressure of 10 mbar and a temperature of 60°C. After this the resin was 

poured into a mould that had been prepared by applying a silicone free mould release agent 

(Mold Wiz 57) and preheated to 80°C. The mixture in the mould was degassed again to avoid 

air bubbles in the cured sample. The system was cured according to the supplier’s 

recommendations; first at 80°C for 8 hours and then post cured at 140°C for 16 hours. 

 

SEM images of the cold fracture surface of the reference sample can be seen in appendix 8.2, 

Figure A. 

 

Table 3. Formulation for the reference epoxy (Sample 0406). 

Component Description phr % weight 

CY184 Epoxy 100 19 

HY1235 Hardener 90 17 

DY062 Accelerator 0.5 0.09 

W12 EST Filler 339 64 
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4.  Results and Discussion 

 

4.1 Diffusion of LMW species in the epoxy resin 

The earlier work that has been done on hydrophobic epoxies has mainly focused on ways of 

implementation where the LMW species in the end must be able to diffuse through the epoxy 

matrix in order to give the material the desired hydrophobic properties. It has not, however, 

been made completely clear if this diffusion through the epoxy matrix can actually take place. 

The fact that epoxy has a high network density as well as a high glass transition temperature 

indicates that the diffusion of low molecular species risk to be very slow or not occur at all. In 

order to investigate the diffusion of low molecular weight species through the epoxy matrix, 

samples with glass transition temperatures below room temperature were cast. By lowering 

the Tg of the material the possible diffusion can be accelerated and facilitated. 

 

4.1.1 Low Tg epoxy with finely dispersed L9300 

In earlier work the silicone oil L9300 has been finely dispersed in the epoxy matrix by high 

sheer mixing [3]. The oil forms a second phase containing LMW species that would, could 

they diffuse through the epoxy matrix, give the material intrinsic hydrophobic properties. To 

investigate the diffusion of these low molecular weight species through the epoxy, a similar 

sample was prepared using an epoxy system with a low Tg (epoxy resin CY 221/ HY920 from 

Huntsman) instead of the normal cycloaliphatic epoxy system with CY184/ HY 1235. The 

mixing ratio of the system (sample 0421) can be seen in Table 4. The sample was prepared as 

has been described for the reference, but before adding the filler, the silicone oil was added to 

the epoxy mixture and a high shear mixer (Ultra Turrax, 24.000 rpm) was used to get the best 

possible dispersion of the silicone droplets. The sample was cured according to the 

manufacturer’s recommendations for the unmodified system, and there was no visible 

separation of the silicone oil during the preparation or after curing. 

 

Table 4. Formulation of the low Tg epoxy system, sample 0421. 

Component Description phr % weight 

CY221 Epoxy 100 17 

HY 920 Hardener 130 22 

DY062 Accelerator 1 0.17 

L9300 Silicone oil 6.5 1.1 

W12 EST Filler 350 60 
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4.1.2  Commercial hydrophobic epoxy with lowered Tg 

The epoxy CY5622 from Huntsman is claimed to have intrinsic hydrophobic properties 

including recovery and transfer [25]. The hydrophobic properties of this material are 

supposed to come from hydrophobic components included in the resin [20]. These 

hydrophobic components do not react with the epoxy. In earlier tests of this material it has not 

showed the presumed hydrophobicity transfer and recovery, and it has been concluded that 

there is no diffusion taking place [11]. Since the material is said to contain low molecular 

weight species that are able to migrate through the matrix, a sample with lowered Tg was 

made to see if the hydrophobic properties would improve (sample 0426). If not, the sample 

either does not contain LMW species (which is unlikely since it would be in contradiction to 

the manufacturer’s specifications) or these species cannot migrate even with a significantly 

lower network density, both cases indicating that the claims of recovery and transfer cannot 

be accurate. The Tg of the system was lowered by changing the hardener (from HY1235 to 

HY920) and adding a flexibiliser (DY040). The mixing ratio can be seen in Table 5. 

 

Table 5. Formulation of the CY5622 system with lowered Tg, sample 0426. 

Component Description phr % weight 

CY5622 Epoxy 100 18 

HY 920 Hardener 100 18 

DY040 Flexibiliser 25 4.5 

DY 062 Catalyst 0.45 0.08 

W12 EST Filler 325 60 

 

4.1.3  Effects of the modifications on the Tg 

For reference, samples of the unmodified systems were prepared; i.e. the low Tg epoxy 

without silicone oil (CY 221/HY 920 – sample 0414-3) and the cycloaliphatic epoxy system 

CY5622 with original hardener and no flexibiliser (CY5622/HY920 – sample 0419). The 

composition of these samples can be seen in Table B in appendix 8.1.  

 

The glass transition temperatures of the modified and the unmodified systems were measured 

(Table 6). From the measurements it can be seen that the addition of the silicone oil L9300 to 

the CY 221 does not affect the glass transition temperature very much, the Tg of the original 

system being about 4°C and that of the modified system about 1°C. This gives an indication 

that most of the L9300 has formed a second phase and that it has not reacted with the epoxy. 

For the hydrophobic epoxy CY5622 the glass transition temperature decreased from about 
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110°C for the unmodified system to -5°C with the addition of the flexibiliser. Consequently, 

the glass transition temperatures of the two modified systems are well below room 

temperature, and the mobility of LMW species should be significantly improved. 

 

Table 6. The glass transition temperatures for the unmodified and the modified systems. 

 Low Tg epoxy Hydrophobic epoxy CY5622 

Sample Sample 0414, 
without L9300 

Sample 0421, 
with L9300 

Sample 0419, 
unmodified system 

Sample 0426, 
with lowered Tg 

Tg (°C) 3.8 1.4 110 -4.6 

 

4.1.4  Morphology 

The SEM pictures of sample 0421 show a separation of the L9300 in the CY221 as described 

earlier in [3] (Figure 17). The oil bubbles are evenly distributed in the whole sample and the 

size ranges from a few micrometers to about 30 µm. 

 

 
Figure 17. SEM image of the low Tg epoxy CY 221 
with L9300 (sample 0421). Magnification 500X. 

 

  
Figure 18a. SEM image of the hydrophobic epoxy 
CY5622 (sample 0419). Magnification 500X. 

Figure 18b. SEM image of the hydrophobic epoxy 
CY5622 with lowered Tg (sample 0426). 
Magnification 500X. 
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The SEM images of the two samples based on CY5622 also show some separation  

(Figure 18). The silicone seems to be better distributed in the sample with lowered Tg. This 

sample also has a softer fracture surface. The better distribution might be due to a faster 

curing of the sample, due to the change in hardener and added flexibiliser. 

 

4.1.5 Hydrophobic properties 

The samples hydrophobicity levels were evaluated with spray tests after curing and cleaning. 

It was found that both of the modified samples had a HC level of 1. To evaluate the recovery 

effect, the samples were grinded. After grinding and cleaning the two samples turned 

hydrophilic (HC6). In order to accelerate the diffusion process, the samples were stored at 

80°C. After three days, dark dots appeared on the surface of on the sample with L9300 

(sample 0421) and the hydrophobicity level had increased to 3.5. After one week at 80°C the 

level had increased further to HC level 2. This sample was then once again cleaned in the 

ultrasonic bath with isopropanol for five minutes, and the hydrophobicity decreased to HC6. 

After another week at 80°C the level had not increased again, except for in some darker spots 

on the surface. The sample of the hydrophobic epoxy CY5622 with lowered Tg (sample 0426) 

did not show any recovery at all even though some small dark spots were seen on the surface 

of this sample as well after two days at 80°C. 

 

Since the sample containing L9300 showed some recovery, the material was also tested for 

transfer. For this purpose, a new sample was cast with the same mixing ratio as sample 0421 

(sample 0520, see Table B in appendix). The test specimens for transfer testing were prepared 

according to the method of Kindersberger [22]. One series of specimens were stored at 80°C 

and one series at room temperature. The specimens kept at room temperature showed no 

transfer effect at all even after three weeks, i.e. the applied droplets spread out and into the 

pollution layer, and could not be measured. The drops applied on the pollution layers of the 

specimens stored at 80°C were a little bit more stable, but the contact angles did not reach 

higher values than 50° even after two weeks, and most of the drops spread out a few minutes 

after being applied. 

 

4.1.6 Conclusions 

The information on the datasheet of CY5622 says that it contains LMW species [25]. We also 

know that they exist in the L9300 added to sample 0421. Both samples have a glass transition 

temperature that is well below room temperature. Thus, the network density should be a lot 
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lower than for a normal epoxy, and the mobility of the LMW species higher. However, the 

modified sample of CY5622 (sample 0426) does not show any recovery even at 80°C, which 

indicates that either there are no LMW species that can diffuse through the matrix, or the 

diffusion is not possible even at these conditions. The recovery of the sample containing 

L9300 (sample 0421) only seems to be due to the opening of silicone reservoirs caused by the 

grinding of the surface. The oil can spread from these locations over the surface of the 

sample, causing the dark dots observed and giving some recovery. Consequently, the recovery 

of the hydrophobicity is not due to diffusion. The negative results from the transfer tests also 

confirm this. 

 

Since there is apparently no diffusion even with a softened epoxy matrix and at elevated 

temperature, it must be concluded that it is not possible to achieve hydrophobicity transfer 

and recovery by the diffusion of LMW species through the epoxy matrix. The LMW species 

must therefore be able to move through the material in some other way, through another 

network. 

 

 

4.2 Impregnated filler 

 

4.2.1 Pre-mixed silicone and filler 

Since the LMW species cannot move through the epoxy matrix, they have to be able to 

diffuse through some other network. One possibility is to impregnate the filler with the 

silicone. If the silicone is stabilised enough to stay on the filler even after curing the material, 

the percolation of the filler particles could form a network, through which the LMW species 

could diffuse. 

 

The filler particles are porous and the silicones have a high dispersion pressure, leading to 

completely wetted and coated fillers. Impregnated fillers have been tried before in [7] and [8], 

but in these cases only part of the filler has been treated. A treatment of the whole filler 

quantity should be able to give a more continuous network, and thus better results. In this 

chapter, several approaches to create a silicone-filler network have been investigated. As a 

first try, the filler was simply mixed with the silicone before adding it to the epoxy resin. 

After this, the influence of stabilisers was investigated, and finally, a reactive silicone was 

used and the silicone-filler mix made to pre-react before adding it to the resin. 
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4.2.2 Screening of different silicone oils 

Since it is desired to get a system that is as simple as possible to produce, we first tried the 

easiest possible way of impregnating the filler. The filler was premixed with the silicone oil, 

and this mixture was then added to the epoxy-hardener mix. Five different types of silicone 

oils were used in order to find the most suitable one and to see the influence of the viscosity 

of the oil on its separation. The ratios of the samples can be seen in Table 7. 

 

Table 7. Mixing ratios for the samples with impregnated filler, described in phr and weight percentage. 

Sample 
0615-1 

Sample 
0615-2 

Sample 
0615-3 

Sample 
0615-4 

Sample 
0615-5 Component Description phr 

%weight 

CY184 Epoxy 100 
17 

100 
17 

100 
17 

100 
17 

100 
17 

HY1235 Hardener 90 
15 

90 
15 

90 
15 

90 
15 

90 
15 

DY062 Accelerator 0.5 
0.09 

0.5 
0.09 

0.5 
0.09 

0.5 
0.09 

0.5 
0.09 

AK10 Silicone oil 46 
7.8 - - - - 

AK 250 Silicone oil - 46 
7.8 - - - 

AK 30000 Silicone oil - - 46 
7.8 - - 

L9299 Reactive 
silicone oil - - - 46 

7.8 - 

L9300 Reactive 
silicone oil - - - - 46 

7.8 

W12 EST Filler 350 
60 

350 
60 

350 
60 

350 
60 

350 
60 

 

The commercial silicone oil AK10 (Polydimethylsiloxane – PDMS) from Wacker has been 

used in earlier formulations together with different fillers, and it has been seen to give good 

transfer and recovery properties [7]. AK 250 and AK30000 are from the same family, but 

with higher molecular weights and therefore increasing viscosities (the number in the name 

indicating the viscosity at 25°C in mm2/s). L9300 and L9299 are epoxy-terminated PDMS, 

where L9300 contains a lower percentage of epoxy groups (1.1 % compared to 10 % for 

L9299). L9300 also has higher molecular weight and viscosity than L9299. For a comparison 

of the viscosities of the different silicone oils at 30°C, see Table 8. 
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 Table 8. Viscosity at 30°C for the used silicone oils. 

Name Description Viscosity [mPas] 

AK10 Silicone oil 16.4 

AK250 Silicone oil 205 

AK30000 Silicone oil 24 900 

L9299 Reactive silicone oil 246 

L9300 Reactive silicone oil 4 540 

 

Observations 

During the mixing of the samples, it could be seen that the silicone oil separated already 

during degassing for the samples containing AK10, AK250 and L9299 (samples 0615-1, 2 

and 4), forming a layer on top of the mixture. For sample 0615-1, with AK10, the separation 

was quicker than for the other two, and it was difficult to get a homogeneous mixture again 

afterwards. This indicates that the silicone is not at all stabilised on the filler, and the pre-

treatment probably is more or less in vain. A more viscous silicone seems to retard the 

separation due to less mobility. 

 

After curing, macroscopic separation in the form of oil layers on the surfaces could be noticed 

for all five samples, even if it was only very little for the samples containing AK30000, 

L9299 and L9300 (samples 0615-3 – 5). As expected from the earlier observations, the 

sample containing AK10 (sample 0615-1) suffered the most separation. 

 

Morphology 

SEM images of the samples were taken and are posted in the appendix 8.2 (Figure B). All 

samples show separation of the silicone in the form of bubbles. As can be seen in the SEM 

images, the bubbles in samples 1-3 are a lot bigger (~100 µm) than the ones in samples 4 and 

5 (~10 µm) (Figure 19). This indicates that the epoxy terminations of L9299 and L9300 help 

to stabilise the silicones in the epoxy matrix. The lower number of bubbles in sample 0615-1, 

containing AK10, compared to the sample containing AK250 (sample 0615-2) is probably 

due to the fact that a lot of the AK10 in sample 0615-1 separated completely to the surface 

whereas most of the AK250 is dispersed in the sample. The SEM images of the cold fracture 

surface also indicate that the adhesion between the filler and the epoxy matrix is good. This is 

a sign that no silicone is left on the filler particles, since this would probably give a worsened 

adhesion. 
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Figure 19a. SEM image of sample 0615-2 with 
separations. Magnification 50X. 

Figure 19b. SEM image of sample 0615-5 with 
separations. Magnification 50X. 

 

Hydrophobic properties 

After curing and cleaning all the samples had a hydrophobicity level of HC2. When grinded, 

the separation bubbles in the materials could be seen clearly for all samples except 0615-5. 

For sample 0615-1, oil was even seeping out. After grinding and cleaning, the hydrophobicity 

level decreased to HC6 for samples 0615-1, -2 and -4. Samples 0615-3 (with AK30000) and 

0615-5 (with L9300), however, had to be washed for an extra 5 minutes before turning 

completely hydrophilic. 

 

One sample of each formulation was then kept at room temperature to recover, and one of 

each was put at 80°C to see if the recovery could be accelerated. The samples hydrophobicity 

levels were tested at different time intervals. The ones that recovered to a HC level of at least 

3 were once again cleaned and left to recover. The samples containing AK10 (0615-1) and 

AK 250 (0615-2) did not show any recovery even after four weeks at 80°C. The sample with 

L9299 (0615-4) only showed very little and slow recovery at room temperature as well as at 

80°C. Samples 0615-3 and 0615-5, however, containing AK 30000 and L9300 respectively, 

showed recovery after only 24 hours at both room temperature (to levels HC3 and HC2 

respectively) and at 80°C (to level HC1). They also managed to reproduce this recovery in 

both conditions when they had been washed again. This reproduction of the hydrophobicity 

occurred twice. For each time the samples recovered slower and to a lower hydrophobicity 

level. After the fourth washing none of the samples recovered neither at room temperature nor 

at 80°C. 
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Conclusions 

It is not possible to stabilise the silicone oil on the filler even after pre-impregnation. The oils 

form macro separation during preparation and curing. In the cured samples, micro separation 

in the form of oil bubbles was observed in all the samples. The separation of the silicone oil is 

strongly influenced by the viscosity of the oil. By the use of highly viscous silicone oil, such 

as AK 30000 or L9300, the separation can be reduced. This way, the oil will at least stay in 

the sample, and be sufficiently dispersed as to give oil bubbles that are only in the range of 

tens of micrometers. Due to these oil reservoirs, samples 0615-3 (with AK30000) and 0615-5 

(with L9300) show hydrophobic recovery. This recovery can be reproduced several times, but 

it grows slower after each washing. After a while, the oil reservoirs seem to be washed out, 

and there is no more recovery. This means that the hydrophobic properties are only coming 

from the silicone reservoirs and that the samples have no intrinsic hydrophobicity; there is no 

diffusion through any type of network. 

 

The epoxy groups in the oils L9299 and L9300 seems to be improving the stability of the oil 

in the epoxy matrix during curing, giving a better dispersion in the cured samples. The reason 

that there is no hydrophobic recovery from samples 0615-1 and 0615-2 (with AK10 and 

AK250) is probably because the silicone oil is not as well dispersed in the material. These two 

oils also have the lowest viscosity, possibly making it easier to wash it out from the 

reservoirs. The reason that the L9299 does not give as good hydrophobic properties as the  

AK 30000 or the L9300 even though it is as well distributed in the sample as the other two, 

might be because it is washed out more easily, also here due to its lower viscosity. 

 

It can also be noted that there seem to be a good adhesion between the filler and the epoxy. 

This is a further indication that no silicone coating is left on the filler particles after mixing it 

with the epoxy resin. Silicone coated filler would most probably give worse adhesion to the 

matrix. 

 

4.2.3 The influence of a stabiliser on the silicone separation 

The next step in the attempts to stabilise the silicone oil on the filler is to add a stabiliser. We 

chose to use the hydroxyl terminated silicone PDS1615. Since it contains both nonpolar 

methyl groups and polar hydroxyl groups, it can be used as a solubility agent between the 

epoxy resin and the silicone oil [7]. The samples were made in the same way as in the 

previous chapter, with the only change that 10 phr of PDS1615 was added to each sample (see 
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example in Table 9). The samples were numbered in the same way as in the previous chapter, 

i.e. sample 0620-1 here corresponds to sample 0615-1 in chapter 4.2.2 and contains the silicon 

oil AK10. The PDS1615 was mixed with the silicone oil before adding the filler to get the 

best dispersion possible. 

 

Table 9. Mixing ratio for sample 0620-5. The other samples in the series follow the same ratios, but with 
different silicone oils as described in the previous chapter. 
Component Description phr % weight 

CY184 Epoxy 100 17 

HY1235 Hardener 90 15 

DY062 Accelerator 0.5 0.08 

L9300 Reactive silicone oil 47 7.9 

PDS1615 Silicone oil 10 1.7 

W12 EST Filler 350 60 

 

Observations 

PDS 1516 makes the mixture of the epoxy resin and the filler more homogeneous. During 

degassing it could be seen that the PDS1615 decreased the separation, even though samples 

0620-1, 2 and 4 (containing AK10, AK 250 and L9299 respectively) still showed some 

macroscopic separation. For samples 0620-3 (with AK30000) and 0620-5 (with L9300) no 

separation could be seen during the preparation of the samples. The separation after curing 

was also reduced compared to the samples without PDS1615. 

 

Morphology 

The SEM images taken of these samples can be seen in the appendix 8.2 (Figure B). 

Comparing with the pictures from the previous sample series, one can see that the stabiliser 

has an apparent influence on the dispersion of the silicone oil in the samples where the 

separation was earlier the biggest, i.e. in samples 0620-1 (with AK10) and 0620-2 (with 

AK250). For samples 0620-3 (with AK30000) and 0620-4 (with L9299), the PDS1615 does 

not seem to change much in the stability of the silicone, and in sample 0620-5 (with L9300) 

the oil droplets almost appear to become bigger with the addition of PDS1615. This could 

however just be an effect of slightly varying droplet sizes at different places in the sample, or 

due to the bigger quantity of silicone. 
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Hydrophobic properties 

The samples were tested in the same way as the samples 0615-1 – 5. Also these samples were 

hydrophobic after cleaning (HC2). After grinding, dark spots where the oil was seeping out 

could be seen on samples 0620-1, 2 and 3 (with AK10, AK250 and AK30000 respectively). 

The samples were cleaned until they reached level HC6. This required longer cleaning than 

the usual five minutes for samples 0620-2, 3 and 5 (containing AK250, AK30000 and 

L9300). 

 

At room temperature, the samples containing AK250, AK30000 and L9300 (samples 0620-2, 

3 and 5) showed recovery already after 24 h. This could only be repeated for the sample 

containing L9300 (0620-5), however, and even there only once. At 80°C all samples showed 

some recovery. This was repeatable once for samples 0620-2 (with AK250) and 0620-3 (with 

AK30000), and three times for sample 0520-5 (with L9300). 

 

Conclusions 

Compared to the results obtained without the addition of PDS1615, the hydrophobic recovery 

seems to improve only for the samples 1 and 2, and even there only slightly. This 

improvement is most probably due to the better distribution of the silicone oil in the samples, 

and the simple fact that a larger amount of silicone manages to stay in the sample instead of 

separating completely during curing. The addition of PDS1615 also makes the AK250 in 

sample 0620-3 more difficult to wash out. The PDS1615 does not seem to affect the stability 

of the silicone oil in the samples containing AK30000, L9299 or L9300 (samples 0620-3, 4 

and 5). The hydrophobic properties of samples 0620-3 and 0620-5 (with AK30000 and 

L9300) rather worsen with the addition of the PDS1615. The PDS1615 has a lower viscosity 

than these two oils (176 mPas at 30°C as compared to 24 900 mPas and 4540 mPas for 

AK30000 and L9300 respectively) which might reduce the good effects the high viscosity of 

these two oils had in samples 0615-3 and 0615-5 in the previous chapter, making the additives 

easier to wash out. 
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4.2.4 The influence of fluorosurfactants on the silicone separation 

Since the PDS1615 did not succeed in stabilising the silicone oils on the filler other stabilisers 

were also tested. It was not considered necessary to once again investigate the influence on all 

the different silicone oils. Instead AK10 and L9300 were chosen since these two oils come 

from each of the two groups tested. They also represent the different types of behaviour 

observed (i.e. macroscopic separation and formation of micro domains) and should give a 

good idea about the effect of the different stabilisers. 

 

The different stabilisers that were tested were Zonyl FS-300 from DuPont and  

Schwego Fluor 8038 from Schwegmann. The Zonyl FS-300 is a non-ionic fluorosurfactant 

that has showed some promising result earlier when used together with AK10 [3]. Fluor 8038 

is a fluorocarbon polymer which is used in order to reduce viscosity due to its high interfacial 

activity. 

 

The samples were made using the same ratios as for the samples containing PDS1615 (for 

exact composition see Table B in appendix 8.1, samples 0712-3 - 6). Already during the 

preparation of the samples it could be seen that the Zonyl FS-300 did not have the desired 

effect. The silicon oils (both AK10 and L9300) separated during mixing, and a homogeneous 

mixture could only be achieved with difficulty. None of the two surfactants managed to 

prevent macroscopic separation of AK10 neither during degassing nor during curing. 

 

All samples were tested for hydrophobic recovery in the same way as described previously. 

After grinding, oil bubbles could be observed in all materials. Also now, the samples 

containing AK10 showed no recovery after grinding and washing whereas the samples with 

L9300 did. From the spray tests of these it can be seen that the sample with Fluor 8038 has 

about the same recovery as for PDS1615, and that the properties for the sample with Zonyl 

FS-300 are slightly inferior. 

 

Conclusions 

Neither of these two fluorosurfactants managed to stabilise the silicone oils on the filler. In 

the case of Zonyl FS-300, it was even hard to get a homogeneous mixture. The AK10 

separated macroscopically during curing for both fluorosurfactants, and no recovery could be 

seen. The samples containing L9300 showed the same hydrophobic properties as the sample 
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containing L9300 and PDS1615 (sample 0620-5). These properties are probably mostly due 

to the L9300 and the added stabilisers have little or no effect. 

 

4.2.5 The influence of a flexibiliser on the silicone separation 

Another possible alternative to the PDS1615 is the flexibiliser EPM263, which is a 

diisopropyl-naphthalene isomer containing methyl groups and aromatic rings. The nonpolar 

methyl groups make it soluble in silicone, whereas the aromatic rings gives some solubility in 

epoxy. 

 

Solubility 

The solubility of EPM263 in the used epoxy as well as in the silicone oils was tested. It was 

found to be soluble in AK10 and at first thought to be soluble also in L9300, but after some 

hours separation could be seen. The mixture of epoxy (pure CY184) and EPM263 was also 

miscible. However, when CY184 was added to a premix of EPM263 and L9300 or  

AK10, there was separation. 

 

Sample preparation 

Two samples with EPM263 were prepared, containing AK10 and L9300 respectively. The 

mixing ratio of the samples can be seen in Table 10. The silicone content was reduced to  

17 phr to get a weight percentage of silicone of 3%. The amount of EPM263 – 20 phr - is the 

maximum amount advised for the addition of a flexibiliser. 

 

Table 10. Mixing ratios of the samples 0509 and 0519 containing the flexibiliser EPM263. 

Sample 0509 Sample 0519 
Component Description phr % weight phr % weight 

CY184 Epoxy 100 18 100 18 

HY1235 Hardener 90 16 90 16 

DY062 Accelerator 0.5 0.09 0.5 0.09 

AK10 Silicone oil 17 3.0 - - 

L9300 Reactive silicone oil - - 17 3.0 

EPM263 Flexibiliser 20 3.5 20 3.5 

W12 EST Filler 350 60 350 60 
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The idea was to mix the filler with the silicone oil to get an oil layer around the filler particles, 

and then add the flexibiliser so that this could form a second layer, stabilising the oil on the 

filler due to its compatibility to both epoxy and silicone. The silicone oil was mixed with one 

quarter of the filler since the low silicone content made it impossible to impregnate all of the 

filler. To this mixture the EPM263 was added, and after that the remaining liquid components 

and finally the rest of the filler. For the sample containing AK10 (sample 0509) there was 

some separation during the processing, and also during curing. Sample 0519 (with L9300) 

had no visible separation. 

 

To investigate the behaviour during curing, a reference sample of CY184 with 25 phr of 

EPM263 was cast (sample 0427-1, for formulation see Table B in appendix). It was also 

thought that maybe the EPM263 on itself could give the system some hydrophobic properties, 

and because of this the amount of flexibiliser was somewhat increased. Even with this big 

amount of EPM263 there was no separation during the preparation of the sample.  

 

Morphology 

The observations with the SEM confirm that there has been no separation of the EPM263 in 

sample 0427-1, containing only EPM263 (Figure 20). The SEM images of sample 0509, 

containing AK10, show that there are no silicone bubbles in the bulk of the material (Figure 

21a), but there are very big ones (hundreds of µm in diameter) close to the surface. This 

indicates that either all of the oil has separated to the top of the sample or, which is less 

probable, that some fraction of the oil is actually stabilised in the bulk material without 

separating. In sample 0519, containing L9300, there is separation in the form of bubbles the 

size of tens of micro metres throughout the material (Figure 21b). 

 

 
Figure 20. SEM image of sample 0427-1 containing 
only the flexibiliser EPM263. Magnification 500X. 
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Figure 21a. SEM image of sample 0509 with AK10 
and the flexibiliser EPM263. Magnification 500X. 

Figure 21b. SEM image of sample 0519 with L9300 
and the flexibiliser EPM263. Magnification 50X. 

 

Hydrophobic properties 

Both samples containing silicone oil were hydrophobic after curing, both before and after 

cleaning in the ultrasonic bath. After grinding, but without washing, sample 0509 turned 

hydrophilic, whereas sample 0519 had little dark spots all over where the oil was seeping out, 

and a hydrophobicity level of HC3.5. After cleaning in the ultrasonic bath for five minutes the 

oil washed out and the hydrophobicity level decreased to HC6 for both samples. The samples 

were then left to recover at room temperature. When they had not shown any recovery after 

one week, they were put in an oven at 80°C to accelerate the process. The sample containing 

AK10 did not show any recovery after two weeks at these conditions either, and it was 

concluded that all the oil had in fact separated during the curing, and that there was none left 

in the material. The sample containing L9300, however, had recovered to a hydrophobicity 

level of HC1.5 after four days at 80°C. Dark spots could be seen all over the surface of the 

sample. The sample containing only EPM263 without silicone oil did not show any 

hydrophobic recovery. 

 

Conclusions 

The flexibiliser EPM263 cannot stabilise the silicone oil AK10 enough to get it to stay in the 

material. For the sample containing L9300 it does not seem to give any better dispersion than 

when L9300 is used without stabiliser. The results from the hydrophobicity measurements 

combined with the SEM images show that there is no AK10 left in the bulk of the material of 

sample 0509, and consequently the sample shows no hydrophobic recovery. The sample 

containing L9300 shows recovery when kept at 80°C. This is due to the migration of oil from 

the opened reservoirs at the surface. 
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4.2.6 Silicone coated filler 

The attempts of impregnating the filler with the silicone clearly show that the silicone does 

not stay on the filler once the epoxy is added. The use of a stabiliser helps to disperse the 

silicone in the epoxy matrix, but it does not prevent the separation from the filler. Thus we 

must find another way to make the silicone stick to the filler throughout the processing. One 

possibility is to use a functionalised silicone that can be cured together with the filler before 

adding the rest of the mixture. This will create a hydrophobic powder of silicone coated filler. 

 

First, a suitable silicone/catalyst combination had to be found. The two epoxy terminated 

silicones used previously, L9299 and L9300 were chosen for a first attempt. Samples of these 

were mixed with two different catalysts (DY062 and Leecure 38-239 B) and left to cure at 

100°C overnight. Of DY062 0.15 grams were added to 15 grams of silicone.  

Leecure 38-239 B from Leepoxy Plastics is a catalyst mainly used for homopolymerisation of 

epoxy. Of this, 0.45 grams was added for 15 grams of silicone. It was found that neither of the 

two silicones cured with DY062, but that the catalyst Leecure 38-239 B gave good results. 

After curing L9300 formed a brown and hard material, whereas L9299 was yellowish and 

transparent, and had a more rubbery texture. 

 

The next step was to mix the silicone oils with the filler and to let this cure over night at 

100°C. The mixing ratio for the pre-cured filler can be seen in Table 11. The silicone oil was 

first mixed with the catalyst and then the filler, heated to 80°C to reduce the viscosity and thus 

facilitate impregnation, was added. 

 

Table 11. Mixing ratio for the pre-cured fillers 0622-4 and 0622-5 containing L9299 and L9300 respectively. 

Filler 0622-4 Filler 0622-5 
Component Description 

phr % weight phr % weight 

38-239 B Catalyst 1.3 0.33 1.3 0.33 

L9299 Reactive silicone oil 45 11 - - 

L9300 Reactive silicone oil - - 45 11 

W12 EST Filler 350 88 350 88 

 

The cured mixtures, which had formed agglomerates, were grinded with a mortar to get a 

finer powder. The L9300 gave a finer and more easily grinded material then the L9299, where 

there were many hard lumps. The powder was tested with water and found to be hydrophobic. 
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After grinding, small samples of the reference system CY184/ HY1235 were prepared using 

the treated filler. When the filler was mixed with the epoxy system it was however evident 

that it has to be grinded to a finer powder in order to get a good mixture and a homogeneous 

sample. The samples obtained with these two fillers could not be used for evaluation. Since 

the pre-treatment with L9300 gave a more easily grinded material, it was decided to focus on 

L9300 for the continued testing. 

 

Addition of AK10 

Two new batches of pre-cured filler were prepared (Table 12). The first batch was made with 

the same mixing ratio as the filler 0622-5, and the second one with an additional 4.5 phr of the 

silicone oil AK10. The idea was that while the L9300 can react and is at least partly 

chemically bound to the filler, the AK10 will stay mobile and be able to move through the 

network provided by the silicone impregnated filler particles. 

 

Table 12. Mixing ratio for the pre-cured filler. 

Filler 0628-1 Filler 0628-2 
Component Description 

phr % weight phr % weight 

38-239 B Catalyst 1.3 0.34 1.3 0.34 

L9300 Reactive silicone oil 45 11 45 11 

AK10 Silicone oil - - 4.5 1.1 

W12 EST Filler 350 88 350 87 

 

The fillers were prepared as described previously, but after curing they were milled with a 

mechanical grinder for two hours. After this the powder was sieved and only the filler 

particles with diameters smaller than 200 µm were used. As a comparison, it can be 

mentioned that the used W12 EST has a maximum particle diameter of 50 µm and a median 

diameter of 16 µm. 

 

Using this impregnated filler, two samples were prepared (Table 13). It was not possible to 

add as much filler as is normally desired since the treated filler gave a much higher viscosity. 

Instead of the normal 60-65% of filler, only about 40%weight of the silicone coated filler 

could be added. Even with the smaller amounts of filler used the viscosity of the two mixtures 

was rather high. The samples were cured in the same way as the reference. 
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Table 13. Mixing ratios of samples 0628-1 and 0628-2, containing silicone coated filler. 

Sample 0628-1 Sample 0628-2 
Component Description 

phr % weight phr % weight 

CY184 Epoxy 100 30 100 30 

HY1235 Hardener 90 27 90 27 

DY062 Accelerator 0.4 0.13 0.4 0.13 

38-239 B Catalyst 0.5 0.14 0.5 0.14 

L9300 Reactive 
silicone oil 

16 4.8 16 4.8 

AK10 Silicone oil - - 1.6 0.48 

Silicone 

coated 

filler 
W12 EST Filler 

138 

121 

42 

123 

141 

37 

43 

37 

 

Morphology 

By observing the samples with optical microscope, one can clearly see the big filler particles. 

On the ungrinded surface of the sample, the particles seem to be percolating, but it is of 

course difficult to know if this is the case throughout the material. 

 

Hydrophobic properties 

Sample 0628-1 (with L9300) had a hydrophobicity level of HC1.5 after curing, and the level 

for sample 0628-2 (with L9300 and AK10) was HC2.5. After cleaning, the level of both 

samples decreased to HC4. During cleaning, filler particles in the surface seem to be washed 

out. This could explain the decrease in hydrophobicity, since the filler particles are containing 

all the silicone. After grinding and cleaning, both samples had a hydrophobicity level of HC6. 

The samples were stored at room temperature and their hydrophobicity level was evaluated by 

spray tests at different time intervals. A very slow recovery could be noticed. After one week 

the hydrophobicity level was HC4 for sample 0628-1 and HC3.5 for sample 0628-2, and after 

four weeks the grinded surface of both samples had a level of HC2.5. The sample containing 

AK10 showed a quicker recovery than the sample with only L9300, indicating that the use of 

a mobile silicone improves the hydrophobic properties. Also the ungrinded surfaces recovered 

their hydrophobicity with time and after four weeks the hydrophobicity level of these surfaces 

was HC1.5 for both samples. 

 

Conclusions 

The silicone coating of the filler gives a hydrophobic powder. However, the silicone 

impregnation makes the adhesion between the filler and the epoxy matrix weak. Because of 

this, the filler particles in the surface are easily washed out. The recovery of the grinded 
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surface is very slow, indicating that the diffusion of LMW species through the filler particles 

to the surface is not working as intended. This could be because the filler content is too low 

for the particles to percolate. If each filler particle is surrounded by epoxy, the LMW species 

would have to diffuse through the matrix and as we have seen before this does not seem to be 

possible. Another possibility is that the LMW species are diffusing through the filler in the 

material, but that the filler particles on the surface are isolated, and surrounded by epoxy. 

When these particles are washed out there are no hydrophobic species left on the surface, and 

the silicone in the bulk material cannot diffuse to the surface of the material if the epoxy 

matrix is blocking the way. 

 

The little recovery that is noted on the grinded surfaces most probably comes from the filler 

particles in the surface that have not been washed out. If the recovery comes from the silicone 

contained in these particles, or if there is some diffusion of LMW species reaching them from 

the bulk filler is hard to say. The very slow rate of the recovery rather indicates that it is only 

due to the silicone contained in the surface particles themselves. 

 

It is also possible that the major part of the silicone is contained in the bigger filler particles 

that could not be milled sufficiently and which were thus separated in the sifting. This could 

mean that the pre-reacted filler actually used in the preparation of the samples contains a too 

small amount of silicone to be able to give the wanted effect. In order to avoid this, it is 

necessary to ameliorate the wetting of the filler and to avoid big agglomerations to form in the 

mixing of filler and silicone. 

 

The results obtained for the two samples shows that some recovery can be obtained from the 

pre-reacted impregnated filler. The use of a more mobile silicone, such as AK10, gives a 

slightly quicker recovery. To investigate further whether the diffusion does not occur because 

the silicone cannot diffuse through the filler, or if it is because the filler particles do not 

percolate, the filler contents must be increased and better distributed. This would then provide 

a good network in the material for the LMW species to diffuse through. Smaller particle size 

of the filler would give a better distribution, and maybe also allow higher filler contents. 
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4.2.7 Silicone coated filler prepared with the use of a solvent 

In order to get a better impregnation of the silicon on the filler, the silicone oils and the 

catalyst were dissolved in a solvent before adding the filler. This gives a mixture with less 

agglomerations and a better distribution of the silicone on the filler particles. The use of a 

solvent also makes it possible to reduce the amount of silicone to see how that affects the 

particle size of the impregnated filler as well as the recovery effect. Due to cost effects it is 

desirable to reduce the amount of silicone as much as possible. It is also probable that it will 

be possible to add a larger part pre-treated filler to the mix if the silicone content in the filler 

is lower. 

 

Three batches of pre-cured filler were prepared, containing different amounts of the silicone 

oils L9300 and AK10, but keeping the ratio between the two constant (Table 14). The first 

batch (0713-1) had the same mixing ratio as filler 0628-2 whereas the second batch (0803) 

contains only 50% of the total amount of silicone oil in batch one but the same amount of 

filler, and the third batch (0713-2) contains 20% of the silicone oil in 0713-1. 

 

Table 14. Mixing ratios of the silicone coated fillers 0713-1, 0803 and 0713-2, containing 100%, 50% and 20% 
of the original amount of silicone oil (L9300 and AK10) respectively.  

Filler 0713-1 Filler 0803 Filler 0713-2 
Component Description 

phr % weight phr % weight phr % weight 

38-239 B Catalyst 1.3 0.32 0.65 0.18 0.26 0.07 

L9300 Reactive silicone oil 45 11 22.5 6.0 9 2.5 

AK10 Silicone oil 4.5 1.1 2.25 0.60 0.9 0.25 

W12 EST Filler 350 87 350 93 350 97 

 

The silicone oils were mixed with the catalyst, and then diluted with the solvent. A non-polar 

solvent (here petroleum ether) was used. For each 10 g of filler, 3 g of solvent was added. 

Once the silicone had dissolved in the solvent, the filler was mixed in. This gave an easily 

mixed slurry. The mixture was spread out on filter papers and left to dry over night before 

curing at 100 °C for 16 hours. The use of the solvent gave cured fillers with fewer lumps. The 

treated filler was mechanically milled and then sieved. From the prepared filler with reduced 

amounts of silicone oils, fillers 0803 and 0713-2, filler particles with diameters smaller than 

100 µm were used. From the filler containing 100% of the original amount of silicone (0713-

1) it was not possible to get enough filler by using only the particles of this small size, and 

instead the filler particles with diameters smaller than 200 µm were used. All three fillers 

were hydrophobic. From the three batches of filler three samples were prepared (Table 12). 
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Table 12. Mixing ratios of samples 0713-1, 0713-2 and 0803 containing silicone coated filler. 

Sample 
0713-1 

Sample 
0803 

Sample 
0713-2 Component Description phr 

% weight 

CY184 Epoxy 100 
28 

100 
27 

100 
25 

HY1235 Hardener 100 
29 

97 
26 

90 
23 

DY062 Accelerator 0.5 
0.15 

0.5 
0.14 

0.5 
0.13 

38-239 B Catalyst 0.5 
0.13 

0.3 
0.08 

0.15 
0.04 

L9300 Reactive 
silicone oil 

17 
4.7 

11 
2.8 

5 
1.3 

AK10 Silicone oil 1.7 
0.47 

1.1 
0.28 

0.5 
0.13 

Silicone 
coated filler 

W12 EST Filler 

147 
42 

129 
37 

177 
47 

165 
44 

208 
52 

202 
51 

 

As can be seen in Table 12, the filler contents had to be decreased compared to the desired 

amount also this time, from 60-65% to 40-50%. The filler was added until the viscosities of 

the samples were about the same, and not too high for handling. However, the viscosity would 

even with this smaller amount of filler have been too high for traditional vacuum casting. The 

lower silicone content in fillers 0803 and 0713-2 allowed more filler to be added to the resin. 

It also gave a more homogeneous mixture. 

 

Morphology 

SEM images of the three samples can be seen in Figure 22.  

 

  
Figure 22a. Sample 0713-1 with silicone coated filler 
containing 100% of the original silicone contents. 
Particle size < 200 µm. Magnification 250X. 

Figure 22b. Sample 0803 with silicone coated filler 
containing 50% of the original silicone contents. 
Particle size < 100 µm. Magnification 250X. 
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 Figure 22c. Sample 0713-2 with silicone coated filler 

containing 20% of the original silicone contents. 
Particle size < 100 µm. Magnification 250X. 

 

 

The big filler particles can clearly be observed in sample 0713-1 and also in sample 0803, 

indicating that he fracture surface has gone along the filler particles due to the bad adhesion. 

In sample 0713-2, with the lowest silicone contents, this is not as obvious. 

 

Hydrophobic properties 

After curing the three samples had hydrophobicity levels of HC1.5. After cleaning, samples 

0713-1 and 0803 were still hydrophobic with levels of HC2.5 and HC2 respectively, while 

sample 0713-2 (with the lowest silicone contents) had turned hydrophilic with a level of HC5. 

The same pattern was seen after grinding the samples; samples 0713-1 and 0803 both had 

levels HC3 and HC2 respectively on the grinded surface, whereas sample 0713-2 had level 

HC6. After cleaning, however, also the grinded surfaces of samples 0713-1 and 0803 were 

hydrophilic, with level HC5. During cleaning, filler particles were dissolved from the surface 

of sample 0713-1. 

 

Sample 0713-2 showed no recovery even after 4 weeks at room temperature. Sample 0713-1 

recovered to HC3 on the grinded surface and HC1.5 on the ungrinded surface after 5 days at 

room temperature, and after that showed no further recovery. Sample 0803 recovered to 

HC3.5 on the grinded surface and HC2 on the ungrinded surface already after 24 hours at 

room temperature, but showed no further recovery after that. The recovery on the grinded 

surfaces is a bit uneven, indicating that filler particles have been washed out in some places 

also on this sample. 
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Conclusions 

Apparently, the silicone content in sample 0713-2 is too low to get any hydrophobic 

properties at all in the sample even though the coated filler itself was hydrophobic (Figure 

23a). The other two samples had similar hydrophobic properties, even though the sample with 

more silicone showed a slightly higher hydrophobicity level. The faster recovery of sample 

0803 is probably due to the smaller grain size giving a better distribution of the filler in the 

material. 

 

  
Figure 23a. The silicone coated filler 0713-2 (with 
20% of the original silicone contents) with applied 
water droplets. The filler is clearly hydrophobic. 

Figure 23b. For comparison the hydrophilic original 
filler W12 EST with applied water droplets. 

 

The lower silicone contents and the smaller particle size in the fillers 0803 and 0713-2 make it 

possible to add more filler to the resin (47 and 52 weight percent respectively, compared to  

42 weight percent for filler 0713-1). These smaller particles also seem to stick better to the 

matrix and are not washed out quite as easily as the bigger ones, probably due to the lower 

silicone contents. This gives the sample 0803 the highest hydrophobicity level after cleaning 

as well as after grinding. For comparison, a sample identical to 0803 but with no AK10 was 

prepared (for formulation, see Table B in appendix 8.1). This sample had less recovery than 

sample 0803, showing again that the presence of the mobile silicone oil contributes to the 

recovery. 

 

An ideal compromise between silicone contents and particle size could give higher 

hydrophobicity levels after cleaning and grinding, a faster recovery and a higher final 

hydrophobicity level. 
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4.2.8 Conclusions for the impregnated and silicone coated fillers 

It has been observed that it is not possible to get the tested silicone oils to stay on the filler 

particles even with the use of a stabiliser. The stabiliser can however help to stabilise the 

silicone oil in the epoxy resin by the formation of dispersed droplets. The tested stabilisers do 

not improve the hydrophobic properties of the samples remarkably, since they only seem to 

have an effect when used with the oils that otherwise separate completely. For the samples 

containing these oils, the use of PDS1615 improves the hydrophobic properties as it stabilises 

the oil in the sample and keeps it better distributed. The biggest improvement in hydrophobic 

properties due to PDS1615 is noted for sample 0620-2 containing AK 250. For the two most 

promising samples from the first group; the samples containing AK 30000 (0615-3) and 

L9300 (0615-5), the addition of PDS1615 does not improve the hydrophobic properties at all. 

 

The two fluorosurfactants that were tested, Zonyl FS-300 and Fluor 8038, give more or less 

the same results in the measures of hydrophobic recovery as the PDS1615 when used together 

with L9300. The results are not improved compared to when L9300 is used without 

stabilisers. None of the two manages to stabilise the AK10 in the epoxy. The flexibiliser 

EPM263 cannot either stabilise the AK10 enough for it to stay in the sample and it does not 

enhance the properties for the sample containing L9300. 

 

The attempts to use pre-cured silicone coated filler show that this gives some recovery, even 

if it is not as good as for the best samples using impregnated filler. Higher silicone content in 

the filler gives a higher hydrophobicity level after recovery, whereas lower silicone content 

gives a smaller attainable particle size for the filler. The lower silicone content also provides a 

better adhesion between the coated filler and the epoxy matrix and, because of this, a faster 

recovery of the hydrophobicity. 

 

A problem with the pre-cured filler is however that the filler content cannot be as high as the 

desired 60-64% due to the high viscosity of the system. Lower silicone content allows 

increasing the filler percentage, but even with the lowest silicone content (only 20% of the 

original silicone amount), no more than 52 weight percent of filler can be added. The filler 

content must be high in order to improve the mechanical strength and reduce the material 

cost. The material cost might additionally be increased by the complicated processing, and the 

mechanical strength further reduced by the worsened filler/matrix adhesion due to the coating. 
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4.3 Examination of epoxy samples modified with silicones and waxes 

A part of this work has been done in cooperation with the PhD student Christian Oelze at the 

Freiburger Materialforschungszentrum in Germany. This part has been running in parallel to 

the rest of the work and will continue until the end of the year. In this chapter, the results 

obtained so far will be presented. The work has been divided into three steps (Figure C in 

appendix 8.2), starting with the simplest approach and continuing to more complicated ways 

of preparation. The idea was to try to obtain a network of the silicone additives in the epoxy 

matrix, possible going along the filler/epoxy interface. The three steps were; 

 

1. Evaluation of different hydrophobic silicones and waxes, both modified and 

unmodified, as well as some natural oils and their modifications (fluorocarbon 

additives will be tested later on). 

 

2. Examination of combinations of two additives, for example reactive/nonreactive or 

low/high viscous silicones and waxes (later on there will also be an evaluation of 

combinations of three additives, combining both the reactivity and the viscosity 

aspect). 

 

3. Combining the hydrophobic additives from steps 1 and 2 with nanotechnology. 

Reducing the mobility of the oil by adding nanoparticles (e.g. Aerosil, Disperal) in the 

resin to achieve a slower but immediate release.  

 

The screening of suitable additives, the selection of additives and the preparation of the 

samples have been done at the Materialforschungszentrum. The samples were then sent to 

ABB for the evaluation of their hydrophobic properties. This testing has been done in several 

steps to single out the most promising samples. The first tests were spray tests of the 

ungrinded and grinded surfaces to evaluate the initial hydrophobicity as well as the recovery 

of the samples. The samples showing promising properties were then aged with the corona set 

up, and the recovery was measured by spray tests and contact angle measurements. The 

samples have also been tested for hydrophobicity transfer. For five of the more promising 

samples from the first group aging in a climatic chamber with UV radiation, temperature and 

humidity has been started. As well as these evaluations of the hydrophobicity, the samples 

have also been examined visually; in their entirety, by optical microscope and, in a few cases, 

by SEM. 
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As the evaluation of the samples has proceeded, the testing procedure has been changed in 

response to the results obtained in order to get the best possible image of the samples 

properties. Due to this continuous updating some of the samples in the beginning have not 

been tested in the exact same way as the later ones. Step 3 has not yet been finished, and no 

results from these samples are available for this report. 

 

4.3.1 Evaluation of silicones and waxes (Step 1 – Samples 240-275) 

In this first step the silicone additives were simply added to the resin, to keep the preparation 

as easy as possible. The formulations of the samples follow the normal formulation of the 

reference sample (CY184/HY1235, see Table 2), but with an addition of 3 weight percent of 

silicone. The silicone and wax additives were chosen to make a thorough screening of 

available alternatives. A complete list of the samples with their additives can be seen in  

Table C in appendix 8.1. 

 

Hydrophobicity 

First, a spray test was done to evaluate the hydrophobicity of the untreated samples. All 

samples then showed a hydrophobicity level of HC1-2. This was not surprising since many 

samples had an oily or waxy surface, and since even the reference sample (filled 

CY184/HY1235) is hydrophobic to start with. After cleaning the samples with isopropanol in 

an ultrasonic bath for 5 minutes, the hydrophobicity level remained unchanged or decreased 

slightly, still leaving the samples with good enough hydrophobicity levels. The same results 

were obtained for the reference. The results from the spray testing of all materials can be seen 

in Table F in appendix 8.1. 

 

Hydrophobic recovery after grinding 

After grinding and cleaning, all samples turned hydrophilic, even though dark spots appeared 

on some of the samples straight after grinding, indicating that reservoirs of oil had been 

opened. One set of samples was left to recover at room temperature and one set at 80°C. Out 

of the samples kept at room temperature, only two recovered their hydrophobicity (HC1); 

samples 241 and 249. The recovery had taken place already after 24 hours, but for both of the 

samples the hydrophobicity level quickly decreased with continued water spraying, and they 

turned hydrophilic again (HC6). One week later, only sample 241 had regained its 

hydrophobicity (HC2) at room temperature and kept the same level when washed with water. 

The other samples showed no recovery even after two additional weeks at room temperature. 
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Among the samples stored at 80°C there were more positive results. This could be due to the 

fact that the higher temperature allows also the more viscous additives to spread out from the 

opened reservoirs. Not only samples 241 and 249, but also samples 254, 255, 257 and 259-

262 turned hydrophobic (HC levels 1 and 2) after only 24 h. For sample 249 this 

hydrophobicity could be washed away with water, and for samples 259-262 it was quite 

evident that the recovery was only due to the oil seeping out from big holes in the sample 

surfaces. Still, these samples showed better properties than the rest – which did not show any, 

or too little, recovery even after 2 weeks at 80°C – and they were chosen for the continued 

testing. A list of the selected samples can be seen in Table 13. The results for all samples are 

listed in Table F in appendix 8.1. 

 

Table 13. Promising samples from Step 1. 

Sample 
number Additive Description 

241 Wacker Sipell RE 63 F PDMS with epoxy groups 

249 Wacker Finish WR 300 PDMS with aminoalkyl end groups 

254 Shamrock S-394 PE wax with medium molecular weight 

255 Shamrock S-232 PE-Carnauba alloy, fine micronized 

257 Shamrock Hydropel For long term hydrophobicity 

259 Sasol wax H1 Fischer Tropsch wax, melting point 97°C. 

260 Sasol wax 5603 Standard paraffin. Saturated hydrocarbons, 
melting point 56°C. 

261 Sasol wax C80 Fischer Tropsch wax. Saturated hydrocarbons, melting 
point 80°C. 

262 Sasolwax 3971 Microwax. Solid, saturated crosslinked hydrocarbons. 
Highly crosslinked, adhesive. 

 

Since several of the samples seemed to get their recovery from oil reservoirs on the surface, it 

was necessary to test them in other ways in order to see if the hydrophobic properties came 

only from this second phase of silicone, and how easily the oil can be washed out. The 

samples were again washed, and left to recover.  

 

It was seen that samples 241, 255, 259 and 260 did not recover again even after 10 days at 

80°C. For samples 261 and 262, the recovery was reproduced after only 24 hours, and they 

once again reached a hydrophobicity level of HC2. After yet another washing, sample 262 

recovered to HC3 after an additional 24 hours. Sample 261 did not show any further recovery, 

and when sample 262 was once again washed, neither did it. Sample 254 also showed 

recovery after the first washing, but it was a bit slower than for the other two; after 48 hours it 



 

 54 

had reached a level of HC3. After this it was washed and recovered several times. However, it 

never recovered to a higher level than HC3, and with continued washing, the speed of the 

recovery decreased. No apparent separations could be seen in the surface of sample 254, and 

the recovery was evenly distributed over the surface.  

 

For sample 257 the recovery seemed to come from the sides of the sample, where dark areas 

could clearly be seen spreading over the surface. It was thought that this might just be a 

surface effect, due to wax or oil from the ungrinded surface spreading out over the grinded 

area. In order to see if there was also some effect coming from the bulk of the sample, all the 

sides of the sample were grinded, it was again washed, and then put in the oven at 80°C. After 

this treatment, there was no recovery, even after four weeks. This result shows that if only 

part of the sample is grinded, oil can migrate from the ungrinded surfaces, turning the grinded 

surface hydrophobic. Since this is not the behaviour that we are looking for, all samples 

evaluated after this were grinded all over before testing the recovery. 
 

Morphology 

By looking at the samples it can easily be seen that the silicones have separated to different 

degrees in most of them. The optical microscope was used to estimate the size of the 

separations, which ranged from 20-500 µm. The observations made for the samples 

considered most promising after the hydrophobicity measurements can be seen in Table 14, 

and images of selected samples in Figure 24. In addition, the cold fracture surfaces of the 

samples were imaged with the SEM when considered relevant (Figure D in appendix 8.2). 
 

Table 14. Morphology of the promising samples from Step 1. 

Sample 
number Surface condition Observations made with the optical 

microscope. 
241 Some colour inhomogeneities. Small holes on grinded and ungrinded surface.  

249 Big air bubbles. Big holes on grinded and ungrinded surface. 

254 Some colour inhomogeneities. Small holes on grinded and ungrinded surface. 

255 Wax layer which can be scratched. Small holes on grinded and ungrinded surface. 

257 Wax layer which can be scratched. Big holes on ungrinded surface, small holes on 
grinded surface.  

259 Wax layer which can be scratched. Wax layer on ungrinded surface, big holes on 
grinded surface. 

260 Looks inhomogeneous and a bit 
waxy. 

Big holes on ungrinded surface, small holes on 
grinded surface.  

261 Many bubbles, waxy. Big holes on grinded and ungrinded surface. 

262 Many bubbles, waxy and sticky. Very big holes on grinded and ungrinded surface. 
Note: “small holes” – tens of µm, “big holes” – hundreds of µm, “very big holes” – about one mm. 
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Figure 24a. Optical microscopy image of the 
ungrinded surface of sample 241, showing “small” 
holes. Magnification 100X. 
 

Figure 24b. Optical microscopy image of the 
ungrinded surface of sample 261, showing “big” 
holes. Magnification 100X. 

 
 Figure 24c. Optical microscopy image of the 

ungrinded surface of sample 262, showing “very 
big” holes. Magnification 100X. 

 

 

Hydrophobic recovery after corona 

By aging the samples with corona, the surface will turn hydrophilic without the erosion that 

can cause the opening of possible oil reservoirs. This can give further indications about 

whether the sample is actually capable of recovering its hydrophobicity, or if it is only due to 

the migration of the oil. Furthermore, the samples were left to recover at room temperature 

after corona so as not to make the spreading of oils and waxes possible just because the 

ambient temperature is above their melting point, as might have been the case at 80°C. 

 

For this first group of samples, the first parameter combination for corona testing was used; 

applying an AC voltage of 10kV during 16 hours with a distance of 15 mm between the 

sample and the tip of the needles. Before aging, the samples were cleaned for five minutes in 

isopropanol in the ultra sonic bath and the initial contact angles were measured for 

comparison (see Table E in appendix 8.1). The corona treatment left a clearly visible pattern 
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on the treated surfaces as has been described in Chapter 3.3.3. The pattern varied a bit for the 

different samples. This is probably due both to differences in the surfaces and to the 

continuous aging of the corona needles. After aging, the samples were spray tested and the 

contact angles were measured at different time intervals. The results of the contact angle 

measurements can be seen in Figure 25, and those of the spray tests in Figure 26.  
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Figure 25.  The hydrophobic recovery after corona aging for the samples from Step 1, measured with 
goniometer. 

 

The results obtained for the recovery after corona for a reference sample, a sample of the 

cycloaliphatic epoxy CY5622 and a silicone sample are also shown for comparison.  

 

As can be seen all of the modified samples show more or less the same recovery of their 

advancing contact angles. The only samples that recover to an advancing contact angle of 90°, 

or close to it, are samples 241, 254 and 261. The others do not show much better recovery 

than the reference sample. Interesting to note is also that the cycloaliphatic epoxy CY5622, 

claimed to have recovery, does not either show any better results than the reference. 

 

A bigger difference between the samples can be seen in the spray test results, where samples 

254 and 261 recover their hydrophobicity (HC3) after about 100 hours, and sample 262 after  

500 hours. The spray test result for sample 241 (HC4) shows that it is relevant to use both test 

methods. The sample seems to be promising according to the advancing contact angle 
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measurements, where a value of 92° was measured, but the spray test reveals that the surface 

is still hydrophilic (no formation of isolated droplets). The contrary behaviour can be seen for 

samples 249 and 262, which only attain advancing contact angles of about 80°, but spray test 

levels of HC3.  
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Figure 26. The hydrophobic recovery after corona aging for the samples from Step 1, measured with spray 
tests. 

 

In addition, it should be noted that samples 259, 261 and 262 had thin wax layers on their 

surfaces, which were not washed off by the cleaning. This means that the observed recovery 

effect is probably due to the recovery of the wax layers and thus only a surface effect. 

 

Hydrophobicity transfer effect 

The hydrophobicity transfer effect was also measured for the nine promising samples. The 

test was conducted according to the guidelines proposed by Kindersberger [22]. Since most of 

the samples did not show any recovery after grinding at room temperature, it was thought 

improbable that they should show transfer at this temperature. Instead the prepared specimens 

were kept at 80°C. If there is no hydrophobicity transfer effect at this more elevated 

temperature, there is probably none at room temperature either. Only the two samples that had 

shown recovery at room temperature, samples 241 and 249, were tested at both room 

temperature and at 80°C. The wax layers on the surfaces of samples 259, 261 and 262 were 

scraped off with a razor blade before applying the pollution layers. 
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For comparison the HTE was also measured for a silicone rubber and a CY184 sample. As 

expected, the filled CY184 showed no transfer effect at all. The transfer effect of the silicone 

specimen was measured after 24 hours, and the pollution layer had then attained advancing 

contact angles of 125°, which was also the value of the initial advancing contact angle of the 

unpolluted surface. 

 

The hydrophobicity transfer effect of the samples was evaluated by contact angle 

measurements after 24h, one week and two weeks. In a few cases the samples were kept 

longer, and evaluated again after four weeks. For each measurement, five drops were placed 

in different places on the pollution layer. It was found that samples 241 and 249 had no 

hydrophobicity transfer effect after two weeks neither at room temperature nor at 80°C. That 

is, the drops applied on the pollution layers spread directly and could not be measured. 

Sample 260 did not either show any transfer at 80°C.  

 

Samples 254 and 257 showed no transfer after 24 hours. After one week some of the drops 

applied to the artificial pollution layers of the two samples had contact angles of over 100°, 

whereas some of the drops, applied on the same specimens, still diffused into the layer. The 

same thing happened after two and four weeks, with the difference that the contact angles for 

the stable drops increased to as high values as 130°. There were also big differences between 

the different specimens prepared from these two materials, with no stable drops on the 

pollution layer of one specimen of 257 even after four weeks, and only contact angles around 

80° for one specimen of 254. The same thing happened with samples 259, 261 and 262, all 

three containing big holes. 

 

The observed phenomenon with this big scattering on one single specimen is not usual and 

was never observed for a material with real intrinsic hydrophobicity, like silicone. It must be 

concluded that the observed local recovery comes from spots where concentrations of 

hydrophobic additives are available, probably due to cavities or holes. With the higher 

temperature the additives can diffuse through the layer, but they do not spread over the 

surface of the material as they would do if there was no pollution layer. With time, the 

hydrophobic species might also spread in the pollution layer, turning it all hydrophobic. This 

process is however too slow, and not the one we are looking for since it is only a surface 

effect from the additives. No diffusion of hydrophobic species through the epoxy matrix 

seems to take place, confirming the results obtained in Chapter 4.1. The transfer 
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measurements clearly show that the silicone and waxes are not homogeneously distributed in 

the samples, not even in samples 254 and 255 where the separation is not so evident.  

 

Climatic chamber 

The interesting samples amongst the first ones that were tested were also put in the climatic 

chamber to evaluate their hydrophobic endurance. The samples were 241, 249, 254, 255, 257 

and the reference (filled system of CY184). They were kept under UV radiation at 60°C and 

80% humidity, and taken out for evaluation from time to time. As can be seen in Figure 27, 

there were no big changes in the advancing contact angles of the materials even after 90 days. 

The error for the measurements is in the range of 5°-10°, and thus the slight decrease in 

advancing contact angles that can be seen in Figure 27 can be contained within this scattering. 

Only samples 255 and 257 show a tendency of continuous decrease. Nevertheless, the spray 

test results show that all of them still have a good hydrophobicity level after 90 days of aging 

(HC1 to HC2). Thus, for the investigated aging period of 90 days, all samples, also the 

reference, seem to be resistant to the combination of UV radiation, temperature and humidity. 

There were however some colour changes for samples 254 and 255 where some areas on the 

surface of sample 254 and the whole surface of sample 255 took on a lighter shade after about 

60 days of testing. 
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Figure 27. Changes in the advancing contact angle for materials aged in the climatic chamber. 
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Conclusions 

Basically all of the different silicone oils and waxes tested in this first step separate from the 

epoxy matrix and form a second phase. The extensive screening of additives that has been 

conducted here leads to the conclusion that it is not possible to simply mix a hydrophobic 

additive with an epoxy to obtain an intrinsically hydrophobic material, thus confirming the 

conclusions drawn also from the experiences in chapter 4.2.2. In some of the samples the 

silicone is very well dispersed, but most of the samples showing promising properties have 

big spherical separations containing the hydrophobic additive. 

 

From this first group of 34 samples nine promising samples were selected for further testing 

following the recovery results after grinding, measured by spray tests. This criterion of 

selection was chosen since it is an easy test to conduct for all of the samples, and it gives 

quick results. The results also show the real behaviour of the material, eliminating surface 

effects. For a thorough evaluation of the samples, however, it is of course necessary to 

complement with other tests. 

 

A total of 14 different silicone additives and 20 waxes were tested. With respect to the 

number of tested additives in can be said that wax samples showed more promising results 

than the silicones. These wax samples show no hydrophobic recovery at room temperature 

after grinding, but recover well at 80°C. This might be due to melting and spreading of the 

wax. The only samples that show recovery at room temperature are samples 241 an 249, both 

containing silicone with functionalised end groups. This recovery only seems to be caused by 

the separated oil, and is easily washed away. The recovery at 80°C was for some of the wax 

containing samples very quick, probably coming from big reservoirs being opened by the 

grinding. For sample 254 the recovery was a little slower, but instead it could be repeated 

many times. It seems like this wax was more difficult to wash out than the other ones, 

possibly due to a better adhesion to the matrix. 

 

In the case of sample 254 it was not evident that the recovery came from reservoirs in the 

surface like for sample 259-262 since apparent separation could not be seen. Neither did it 

seem to come from the surface layer, as for sample 257. For this sample the hydrophobicity 

transfer test proved very useful since it gave a clear indication that the hydrophobic properties 

were only coming from certain locations on the sample surface. 
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The results from the corona aging show that most of these promising samples have no better 

hydrophobic recovery than the reference. Only three samples obtained advancing contact 

angles around 90° after 336 hours, i.e. samples 241, 254 and 261. In the spray test samples 

254 and 261 attain HC levels of 3, whereas 241 only show HC 4. Also samples 249 and 262 

attained levels of HC3, but only after two and three weeks of recovery respectively. The 

levels obtained in the spray tests indicate that the hydrophobicity of the recovered samples is 

on the limit of being too low.  

 

Table 15. Summary of the results from the testing of the more promising samples from Step 1. 

Recovery after grinding Sample 
number At room 

temperature At 80°C Repeated 
recovery 

Recovery 
after 

corona* 
Transfer Separations 

241 HC1 HC1 HC6 HC4 no Small holes  

249 HC1 but 
washed out 

HC1 but 
washed out HC6 HC3 no Big holes  

254 HC5 HC1 Several, to 
HC3 HC3 Yes, but 

uneven Small holes  

255 HC6 HC1 HC5.5 HC6 no Small holes, 
waxy surface 

257 HC6 

HC1 but 
not when 
all sides 
grinded. 

HC6 HC5 Yes, but 
uneven 

Small holes, 
waxy surface 

259 HC6 HC1 HC6 HC5 Yes, but 
uneven 

Big holes, 
waxy surface 

260 HC6 HC2 HC5 HC5 no Small holes,  
waxy surface 

261 HC6 HC1 Once, to 
HC2 HC3 Yes, but 

uneven 
Big holes, 

waxy surface 

262 HC6 HC1 
Twice, to 
HC2 and 

HC3. 
HC3 Yes, but 

uneven 
Very big holes, 
waxy surface 

*As minimum requirements in order to count as having recovery after corona the sample should show a 
hydrophobicity level of HC3 after three weeks. 
 

An overview of the results from this group can be seen in Table 15. Considering all the tests, 

samples 254 and 261 seems to be the most interesting ones from Step 1. The main drawback 

of sample 254 is that there is no recovery after grinding at room temperature. However, it 

shows recovery after grinding at 80°C as well as recovery after corona and some 

hydrophobicity transfer effect. A combination of a wax additive, providing a well dispersed 

network and a long lasting hydrophobicity, with a silicone oil, giving recovery at room 

temperature, could be interesting for further investigations. Sample 261 also shows promising 

properties, but the sample is very waxy and has big separations. If this material is to be 
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considered for further investigations, the casting procedure has to be altered to give a more 

homogeneous material. However, if this is possible the hydrophobic properties might also be 

changed. Sample 262 show some interesting hydrophobic properties as well, but the 

separation problems are for this sample even bigger than for sample 261 and the recovery 

after corona slower. 

 

4.3.2 Evaluation of combinations of silicones and waxes (Step 2 – Samples 281-297) 

The second step of this work consisted in evaluating the effect of the addition of two 

additives. The formulation of the samples still follows the formulation of the samples in Step 

1, with a total of 3 weight percent of silicone and wax additives (always with the ratio 2% of 

one additive and 1% of the other). The combinations of additives were chosen as to combine 

for example reactive and nonreactive silicones or silicones with high and low viscosity. 

 

Hydrophobicity 

The samples were tested in the same way as the samples from Step 1. All of the samples had a 

hydrophobicity level of HC1-2 to start with, and kept this level even after cleaning. After the 

subsequent grinding and cleaning, all samples turned hydrophilic. Dark spots formed on the 

grinded surface for some of the samples, where oil reservoirs had been opened. 

 

Hydrophobic recovery after grinding 

Again, one set each of the samples was left to recover at room temperature and one at 80°C. 

The recovery results for all samples can be seen in Table F in appendix 8.1. At room 

temperature a slow recovery was seen only for samples 282 and 287. Sample 282 attained a 

HC level of 3 after three weeks. Sample 287 attained level HC3 after nine days, and had 

recovered a bit further to HC2.5 after two weeks. The samples that showed recovery at 80°C 

and their recovery levels can be seen in Figure 28. These samples were selected for further 

testing, and a short description of their composition can be found in Table 16. For a list of all 

the samples from Step 2 and their additives, see Table D in appendix 8.1. 

 

All the samples that had shown recovery were cleaned and left to recover again. Samples 285, 

287, 294 and 295 showed some slow recovery at 80°C, but not enough to render them 

hydrophobic again, whereas samples 286 and 296 showed no further recovery at all. For 

sample 282 kept at 80°C, however, the recovery could be repeated several times (new 

recovery was obtained 8 times); first to a level of HC2, then to HC2.5 and finally to HC3. 
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Sample 293 did not turn hydrophilic again, not even after a longer washing in the ultrasonic 

bath. This sample could thus not be tested for repeated recovery, but it is instead worth noting 

that the hydrophobicity is remarkably durable compared to the other samples. 
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Figure 28. The recovery at 80°C after grinding for the promising samples from Step 2. 

 

Table 16. Promising samples from Step 2. 

Sample 
number Additive Description 

282 1% Wacker Finish WR 300 
2% Shamrock Versaflow 

-PDMS with aminoalkyl end groups 
-Liquid polyethylene 

285 1% Wacker L652 
2% Shamrock Hydropel 

-PDMS with aminoalkyl end groups 
-Liquid polyethylene (for long lasting   
  hydrophobicity) 

286 1% Wacker L652 
2% Shamrock Versaflow 

-PDMS with aminoalkyl end groups 
-Liquid polyethylene 

287 1% Wacker L652 
2% Wacker Sipell RE 63 F 

-PDMS with aminoalkyl end groups 
-PDMS with epoxy groups 

293 1% Wacker L652 
2% Sasol wax C80 

-PDMS with aminoalkyl end groups 
-Fischer Tropsch wax. Saturated hydrocarbons,  
  melting point 80°C. 

294 1% Wacker L652 
2% Sasol 3971 

-PDMS with aminoalkyl end groups 
-Microwax with solid saturated crosslinked   
  hydrocarbons. Highly crosslinked, adhesive. 

295 1% Wacker L652 
2% Shamrock S-232 

-PDMS with aminoalkyl end groups 
-PE-Carnauba alloy, fine micronized 

296 
1 % Sasol wax C80 
2%  Sasol COX TEC 40 C 
Fa. Merkur 

-Fischer Tropsch wax. Saturated hydrocarbons,     
  melting point 80°C 
-White oil. Higly refined hydrocarbon. 
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Morphology 

Many of the samples from this group seemed to have separated in the same way as the 

samples from Step 1. A majority had colour inhomogeneities in the surface, and some were 

waxy or oily to touch and had clearly visible holes or bubbles in the surface. When cut and 

grinded, oil could be seen seeping out on the surface of some samples. A few samples also 

had wax layers that melted with the heat from grinding. A more thorough description of the 

observations made for the most promising samples can be seen in Table 17. Samples 282 and 

287 were also viewed by SEM. The images can be seen in Figure E in appendix 8.2. 

 

Table 17. Morphology of the promising samples from Step 2. 

Sample 
number Surface condition Observations made with the optical 

microscope. 
282 Some wax, bubbles. Small holes on grinded and ungrinded surface. 

285 A lot of bubbles. Small holes on ungrinded surface, big holes on 
grinded surface. 

286 Slightly waxy. Small and big holes on grinded and ungrinded 
surface. 

287 Colour inhomogenities, air 
bubbles. Small holes on grinded and ungrinded surface. 

293 Very inhomogeneous, waxy. Big holes on grinded and ungrinded surface. 

294 Colour inhomogeneities, waxy. Inhomogeneous ungrinded surface, big holes on 
grinded surface. 

295 Air bubbles. Small holes on grinded and ungrinded surface. 

296 Very inhomogeneous, waxy. Strange layer on ungrinded surface. Big holes on 
grinded and ungrinded surface. 

Note: “small holes” – tens of µm, “big holes” – hundreds of µm. 

 

Recovery after corona 

For this group of samples the parameter set up of the corona was changed in an attempt to get 

a more homogeneous electric field. The samples were now kept at a distance of 40 mm from 

the needles, and the voltage was increased to 20 kV. Patterns could however still be seen on 

the surfaces of the treated samples. Comparisons of samples aged with the different 

parameters show no big variation in the recovery and it was concluded that the recovery of the 

samples aged with the two set ups can be compared. As an example, the influence of the 

different parameter set ups on the recovery of the reference sample can be seen in Figure 29. 

In the comparison of the recovery one also has to keep in mind that the conditions will change 

as the needles get used and corroded. If exactly the same aging was desired for every sample 

one would have to change the needles before each treatment. The initial contact angles of the 

tested samples can be seen in Table E in appendix 8.2. 
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Figure 29. Comparison of the recovery for the reference sample 
(filled CY184 / HY 1235) after corona treatment with the two 
different parameter set ups. 

 

In Figure 30 the advancing contact angles of the treated samples can be seen, and in Figure 31 

are the results from the spray tests (for a comparison between all tested samples from Step 1 

and Step 2, see Figure F in appendix 8.2). Samples 282, 285 and 286 all reach advancing 

contact angles of close to 90°. Yet, the results from the spray tests show that the surfaces are 

not really hydrophobic. The recovery of 286 is a lot quicker than for the other ones; it has 

almost reached its highest value of 89° already after 8 hours, and completely after 48 hours. 

Nevertheless, also the spray tests of this sample only show a hydrophobicity level of HC4. 
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Figure 30. The hydrophobic recovery after corona aging for the samples from Step 2, measured with 
goniometer. 
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Figure 31. The hydrophobic recovery after corona aging for the samples from Step 2, measured with spray 
tests. 

 

The most interesting results can however be seen for sample 287. The recovery is also here 

very quick, and the advancing contact angle reaches values over 90° after only 24 hours. The 

continued recovery of sample 287 gives advancing contact angles close to those of silicone 

(110°). The spray tests also confirm this result, with level HC2 for sample 287 as well as for 

silicone after 300 hours. Also samples 293, 294 and 295 show promising recovery after 

corona. Especially sample 295 is interesting, since it also attains a high level in the spray tests 

(HC2) and does not have a wax layer on the surface like samples 293 and 294. These 

measurements will be continued. 

 

Hydrophobicity transfer Effect 

The measurements of the hydrophobicity transfer effect of the samples were conducted in the 

same way as for the samples from Step 1. For samples 293, 294 and 296 the wax layers on the 

surfaces had to be removed beforehand with a razorblade. 

 

None of the samples 282, 286, 287 or 294, 295, 296 showed any transfer after two weeks at 

80°C. For samples 285 and 293 one drop on each sample stored for two weeks was a bit more 

stable, and a static contact angle of about 50° could be measured before the drops slowly 

spread out. 
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Conclusions 

Following the results from the recovery after grinding, eight samples were selected for 

continued testing. Most of these samples had evident separations in the bulk material and also 

on the surface. 

 

The only samples showing recovery at room temperature were samples 282 and 287. These 

samples contain the same additives as samples 249 and 241 which also recovered at room 

temperature; Wacker Finish WR 300 and Wacker Sipell RE 63 F respectively. It would be 

interesting to investigate these two additives further in other combinations.  

 

A very good recovery at 80°C (HC1-1.5) was achieved for the samples 293 and 296. For 

sample 293 the hydrophobicity did not decrease even after continuous washing. However, 

both of these samples have big separations and it is easy to see that the oil is spreading over 

the sample surface. For sample 293 the surface even turned sticky after only 24 hours at 80°C. 

Also for sample 294 the surface turns dark from the spreading oil after some time in the oven. 

For the samples with a more finely dispersed separation, i.e. samples 282, 287 and 295, the 

hydrophobic recovery occurs without these evident oil traces. Repeated recovery could only 

be obtained for sample 282. The test of the hydrophobicity transfer effect did not give any 

positive results in this group. 

 

Table 18. Summary of the results from the testing of the promising samples from Step 2. 

Recovery after grinding Sample 
number At room 

temperature At 80°C Repeated 
recovery 

Recovery 
after 

corona* 
Transfer Separations 

282 HC3 HC2 Several, to 
HC2-3 HC4 no Small holes, 

slightly waxy 
285 HC5 HC2 HC5 HC5 no Big holes  

286 HC6 HC2 HC5 HC4 no 
Small and big 

holes, 
slightly waxy 

287 HC3 HC2 HC4 HC2 no Small holes  

293 HC6 HC1 Could not 
be tested HC4 no Big holes, waxy 

surface 

294 HC6 HC3 HC5 HC4 no Big holes, waxy 
surface 

295 HC6 HC3 HC4 HC2 no Small holes  

296 HC6 HC1.5 HC5 HC3.5 no Big holes, waxy 
surface 

*As minimum requirements in order to count as having recovery after corona the sample should show a 
hydrophobicity level of HC3 after three weeks. 
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An overview of the results from this group of samples can be seen in Table 18. The most 

surprising results obtained in the testing of this group of samples was the recovery of samples 

287 and 295 after corona, which is almost as good as for silicone (HC2). There is no oil or 

wax layer on the surface of the samples, only very small holes. These samples will definitely 

be worth to continue working on.  

 

4.3.3 Comparison between the samples from Step 1 and 2 

It is interesting to compare the results from Step 1 and 2 to see if the additives can give 

different properties when they are used alone and when they are used in combinations with 

each other. The full comparison can be seen in the appendix 8.3.  

 

In general it can be said that the combination of a silicone and a wax does not seem to work as 

desired; the result is more separation and worsened hydrophobic properties.  

 

When two silicones are used together, however, the combined effect of the two additives can 

add up to a more promising sample than when they are used alone. This is the case for sample 

282, 286 and 287, for example. The oils Wacker L652 and Wacker Finish seem to be able to 

stabilise other silicone additives, resulting in less separation and better hydrophobic 

properties. Wacker L652 shows this effect in combinations with Shamrock Hydropel and 

Shamrock Versaflow (Samples 285 and 286). It also seems to be enhancing the hydrophobic 

properties when used together with Wacker Sipell (Sample 287). Wacker Finish also has a 

stabilising effect on the both Shamrock oils (Samples 283 and 282). 
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5. Summary 

 

The goal of this work was to implement intrinsic hydrophobicity into an epoxy matrix, thus 

creating a material that combines the mechanical properties of an epoxy with the hydrophobic 

properties of a silicone. The resulting material should show initial hydrophobicity, 

hydrophobic recovery and hydrophobicity transfer effect. Such a material would be of great 

use in outdoor medium and high voltage insulators, where the insulator material must be both 

resistant to climatic and electric stress and mechanically strong.  

 

In earlier work on this theme, three main methods of implementing silicone into the epoxy 

matrix have been identified; by creating a second phase structure of finely dispersed silicone, 

by impregnating porous fillers with silicone in order to create a network of filler particles, and 

by creating an interpenetrating polymer network of the added silicone. In this work, all three 

methods have been examined further. 

 

The first experiment aimed to investigate if the diffusion of low molecular weight (LMW) 

species through the epoxy matrix is at all possible. This was done by preparing epoxy samples 

with low glass transition temperature (-5°C and +1°C) containing a second phase of finely 

dispersed silicone. The subsequent hydrophobicity measurements show that only one of the 

two samples exhibited hydrophobic recovery after grinding, and this recovery only came from 

the opened oil reservoirs. It was concluded that no diffusion of LMW species through the 

epoxy matrix was taking place, not even when the samples were kept at 80°C. This leads to 

the assumption that it is not possible to achieve hydrophobicity transfer and recovery by the 

diffusion of LMW species through the epoxy matrix. Therefore, the LMW species must be 

able to move through the material in some other way, through another network. 

 

In the following tests it was attempted to create such a network by impregnating the filler 

particles with silicone oil. The idea was that if the oil can be stabilised on the filler particles, 

percolation of the filler particles could allow the diffusion of LMW species through the 

material. In a first try, the filler was impregnated with silicone oil before adding the rest of the 

components. Different oils were tested, and it was seen that none of them stayed in the filler 

once it was mixed with the epoxy; they all separated into micro domains. The oils with a 

higher viscosity were better dispersed in the matrix, probably due to the lower mobility 

making the time needed for separation longer than the curing time of the system. Reactive 
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silicones containing epoxy groups also showed a better dispersion than the non-reactive 

silicones tested. 

 

The next step was to try to stabilise the silicone on the filler by the use of different additives. 

The results show that none of the additives succeeded in doing this. However, the low viscous 

silicones were stabilised in the epoxy matrix, and for these samples the hydrophobic recovery 

was improved since more silicone oil was kept in the epoxy. For the silicone oils with higher 

viscosity the additives gave no improvement of the hydrophobic properties. 

 

As a third attempt, the filler was treated with reactive silicone and cured, resulting in a 

hydrophobic silicone coated filler. It was found that the use of a solvent in the coating process 

of the filler gave a better dispersion of the silicone on the filler particles, and it also made it 

possible to use lower silicone contents. Different amounts of silicone oil were tested. It was 

seen that the hydrophobic filler could implement some hydrophobic recovery to the material. 

This was however thought to come mainly from the filler particles on the surface, and it was 

difficult to determine whether diffusion through the filler in the bulk material was taking 

place. 

 

The third part of this work was made up by the testing of materials prepared at the Freiburger 

Materialforschungszentrum. The aim was to implement hydrophobic additives into the epoxy 

matrix, and that these additives should form a network through the epoxy. First, a screening of 

different additives was done. Secondly, combinations of these additives were tested, and 

finally the more promising additives will be combined with nanotechnology. This third step 

has however not been completed yet. 

 

To make a first selection of the prepared samples the hydrophobic recovery after grinding was 

measured. All samples showing recovery within two weeks when kept at 80°C were chosen 

for further testing. This included recovery after corona as well as testing of the 

hydrophobicity transfer effect. Selected samples were also aged in a climatic chamber. 

 

It was found that all of the samples which recovered after grinding within the given time 

period showed separation of the additives in the form of spherical domains. The hydrophobic 

recovery in many cases clearly originated from these opened oil reservoirs. The transfer 
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measurements proved useful for determining the reason for the recovery where this was not as 

evident.  

 

It was found that only a few of the Freiburg samples showed recovery after grinding at room 

temperature and these samples all contained liquid additives. However several samples 

showed recovery after grinding when they were kept at 80°C. This shows that a higher 

temperature often is needed in order to increase the mobility of the silicone oils and to melt 

the waxes. The measurements of recovery after corona give a good compliment to the 

recovery measurements after grinding, since they are conducted on the original surface. In the 

interpretation of the results for the hydrophobic recovery after corona it was useful to look at 

the results from both contact angle measurements and spray testing. 

 

For the samples with combinations of two additives, it was seen that in some cases the 

combined effect gave better results than when the additives were used alone, and in some 

cases, especially with combinations of wax and oil, the combination resulted in more 

separation. 

 

The results from this work show that it is not possible to obtain a network of hydrophobic 

additives through the epoxy matrix; the additives always separate into micro domains. 

However, for some of the samples the additives are well dispersed, and the most promising 

results show that it is possible to obtain a good recovery after grinding as well as a recovery 

after corona aging close to that of silicone for these samples. Hydrophobicity transfer effect is 

the most difficult to achieve, and only a few samples show transfer at 80°C. This effect is not 

evenly distributed over the sample but seems to originate from certain spots on the surface. 

However, it is difficult to get one single samples with good results in all of the tests. Taking 

all the test results of the investigated samples into account, a few promising samples can be 

singled out and for these additional tests should be conducted. 

 

The extensive screening of different silicone oils that has been carried out here leads to the 

conclusion that it is not possible to simply mix a silicone with an epoxy and obtain an 

intrinsically hydrophobic material. The hydrophobic recovery and the transfer effect will 

always originate from the dispersed silicone droplets. The best alternative would be to 

disperse the silicone so finely that it gives homogeneous hydrophobic properties and to use a 

silicone that cannot easily be washed out of the epoxy. 
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6. Outlook 

 

In the continued work on the subject, one has to keep in mind the results obtained in this work 

showing that hydrophobic LMW species cannot diffuse through the epoxy matrix. Another 

network must thus always be provided in order to achieve mobility of the LMWs through the 

matrix.  

 

To create a network of impregnated filler particles, the silicone must be chemically bonded to 

the filler, otherwise it will separate. The silicone coated filler can be further examined by 

using other reactive silicones, or by adding more mobile species to the filler. 

 

There has been no success in the creation of Interpenetrating Polymer Networks allowing the 

diffusion of hydrophobic species. The hydrophobic additives always separate, and the 

hydrophobic properties come from the opening of oil or wax reservoirs in the surface. The 

only possible way seems to be to continue on the two phase system. This can however be 

improved by better distribution and stabilisation of the additives to get as homogeneous a 

material as possible. Another thing to investigate is if this second phase can somehow be 

organised into networks. This could allow oil reservoirs on the surface to get filled 

continuously from the bulk of the material. Attempts to achieve this will be done in the 

continued work with the Freiburger Materialforschungszentrum by the use of nano additives.  

 

The most promising samples from the Freiburger Materialforschungszentrum will also be 

tested further by repeated corona aging as well as by salt fog testing. Aging in the climatic 

chamber will be carried out for the samples that have not yet been tested for their hydrophobic 

endurance. 
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8. Appendix 

 

8.1 Tables 
Table A. List of all the used materials. 

Product name Description Supplier CAS no. 

CY184  Epoxy resin Huntsman Ltd. 5493-45-8 

CY 221 - Huntsman Ltd. 2506-38-6 / 9072-62-2 

CY5622 - Huntsman Ltd. 5493-45-8 

HY 1235 Hardener Huntsman Ltd. 85-42-7 / 25550-51-0 

HY 920 - Huntsman Ltd.  

DY 062 Catalyst Huntsman Ltd. 103-83-3 

38-239 B - Leepoxy Plastics, Inc.  

DY 040  Flexibiliser Huntsman Ltd. 25322-69-4 

AK10  Silicone oil Wacker 63148-6-9 

AK250  - Wacker  

AK30000  - Wacker  

PDS1615 - ABCR Karlsruhe 68083-14-7 

L9299  Reactive silicone oil Witco (Osi)  

L9300  - Witco (Osi)  

EPM263 Flexibiliser Bakelit AG 38640-62-9 /24157-81-1 

FS-300  Fluorosurfactant DuPont 65545-80-4 

Schwego  
Flour 8038  

- Schwegmann  

SF600 Silica powder Quarzwerke Frechen  

W12 EST Silanised silica filler Quartswerke GmbH 7631-86-9 

Petroleum Ether Solvent Fluka Chemika 68476-50-6 

Isopropanol -   

Mold Wiz F-57 Mould release agent Suter Kunststoffe AG  

 



 

 II 

Table B. Composition of all samples. 

Sample 

Epoxy 
phr 

%weight 

Hardener 
phr 

%weight 

Catalyst 
phr 

%weight 

Silicone 
phr 

%weight 

Flexibiliser/ 
Stabiliser 

phr 
%weight 

Filler 
phr 

%weight 

0406 CY184 
100 
19 

HY1235 
90 
17 

DY062 
0.5 
0.09 

   W12 EST 
339 
64 

0419 CY5622 
100 
20 

HY1235 
82 
16 

DY062 
0.45 
0.09 

   W12 EST 
325 
64 

0414-3 CY221 
100 
17 

HY920 
130 
22 

DY062 
1.0 
0.17 

   W12 EST 
350 
60 

0421 CY221 
100 
17 

HY920 
130 
22 

DY062 
1.0 
0.17 

L9300 
6.5 
1.1 

  W12 EST 
350 
60 

0426 CY5622 
100 
18 

HY920 
100 
18 

DY062 
0.45 
0.08 

  DY040 
25 
4.5 

W12 EST 
325 
60 

0427-1 CY184 
100 
18 

HY1235 
90 
16 

DY062 
0.5 
0.09 

  EPM263 
25 
4.5 

W12 EST 
339 
61 

0509 CY184 
100 
18 

HY1235 
90 
16 

DY062 
0.5 
0.09 

AK10 
17 
3.0 

 EPM263 
20 
3.5 

W12 EST 
339 
60 

0519 CY184 
100 
18 

HY1235 
90 
16 

DY062 
0.5 
0.09 

L9300 
17 
3.0 

 EPM263 
20 
3.5 

W12 EST 
339 
60 

0520 CY221 
100 
17 

HY920 
130 
22 

DY062 
1.0 
0.17 

L9300 
6.5 
1.1 

  W12 EST 
350 
60 

0615-1 CY184 
100 
17 

HY1235 
90 
15 

DY062 
0.5 
0.09 

AK10 
46 
7.8 

  W12 EST 
350 
60 

0615-2 CY184 
100 
17 

HY1235 
90 
15 

DY062 
0.5 
0.09 

AK250 
46 
7.8 

  W12 EST 
350 
60 

0615-3 CY184 
100 
17 

HY1235 
90 
15 

DY062 
0.5 
0.09 

AK30000 
46 
7.8 

  W12 EST 
350 
60 

0615-4 CY184 
100 
17 

HY1235 
90 
15 

DY062 
0.5 
0.09 

L9299 
46 
7.8 

  W12 EST 
350 
60 

0615-5 CY184 
100 
17 

HY1235 
90 
15 

DY062 
0.5 
0.09 

L9300 
46 
7.8 

  W12 EST 
350 
60 

0620-1 CY184 
100 
17 

HY1235 
90 
15 

DY062 
0.5 
0.08 

AK10 
47 
7.9 

PDS1615 
10 
1.7 

 W12 EST 
350 
60 

0620-2 CY184 
100 
17 

HY1235 
90 
15 

DY062 
0.5 
0.08 

AK250 
47 
7.9 

PDS1615 
10 
1.7 

 W12 EST 
350 
60 
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Continuation of table B. Composition of all samples 

Sample 

Epoxy 
phr 

%weight 

Hardener 
phr 

%weight 

Catalyst 
phr 

%weight 

Silicone 
phr 

%weight 

Flexibiliser/ 
Stabiliser 

phr 
%weight 

Filler 
phr 

%weight 

0620-3 CY184 
100 
17 

HY1235 
90 
15 

DY062 
0.5 
0.08 

AK30000 
47 
7.9 

PDS1615 
10 
1.7 

 W12 EST 
350 
60 

0620-4 CY184 
100 
17 

HY1235 
90 
15 

DY062 
0.5 
0.08 

L9299 
47 
7.9 

PDS1615 
10 
1.7 

 W12 EST 
350 
60 

0620-5 CY184 
100 
17 

HY1235 
90 
15 

DY062 
0.5 
0.08 

L9300 
47 
7.9 

PDS1615 
10 
1.7 

 W12 EST 
350 
60 

0622-4 
Filler 

  38-239 B 
1.3 
0.33 

L9299 
45 
11 

  W12 EST 
350 
88 

0622-5 
Filler 

  38-239 B 
1.3 
0.33 

L9300 
45 
11 

  W12 EST 
350 
88 

0628-1 
Filler 

  38-239 B 
1.3 
0.34 

L9300 
45 
11 

  W12 EST 
350 
88 

0628-2 
Filler 

  38-239 B 
1.3 
0.34 

L9300 
45 
11 

AK10 
4.5 
1.1 

 W12 EST 
350 
87 

0628-1 CY184 
100 
30 

HY1235 
90 
27 

DY062 
0.4 
0.13 

   0628-1 
138 
42 

0628-2 CY184 
100 
30 

HY1235 
90 
27 

DY062 
0.4 
0.13 

   0628-2 
141 
43 

0712-3 CY184 
100 
17 

HY1235 
90 
15 

DY062 
0.5 
0.08 

AK10 
47 
7.9 

 FS300 
10 
1.7 

W12 EST 
350 
60 

0712-4 CY184 
100 
17 

HY1235 
90 
15 

DY062 
0.5 
0.08 

L9300 
47 
7.9 

 FS300 
10 
1.7 

W12 EST 
350 
60 

0712-5 CY184 
100 
17 

HY1235 
90 
15 

DY062 
0.5 
0.08 

AK10 
47 
7.9 

 Fluor 8038 
10 
1.7 

W12 EST 
350 
60 

0712-5 CY184 
100 
17 

HY1235 
90 
15 

DY062 
0.5 
0.08 

L9300 
47 
7.9 

 Fluor 8038 
10 
1.7 

W12 EST 
350 
60 

0713-1 
Filler 

  38-239 B 
1.3 
0.32 

L9300 
45 
11 

AK10 
4.5 
1.1 

 W12 EST 
350 
87 

0713-2 
Filler 

  38-239 B 
0.26 
0.07 

L9300 
9 
2.5 

AK10 
0.9 
0.25 

 W12 EST 
350 
97 

0713-1 CY184 
100 
28 

HY1235 
100 
29 

DY062 
0.5 
0.15 

   0713-1 
147 
42 
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Continuation of table B. Composition of all samples 

Sample 

Epoxy 
phr 

%weight 

Hardener 
phr 

%weight 

Catalyst 
phr 

%weight 

Silicone 
phr 

%weight 

Flexibiliser/ 
Stabiliser 

phr 
%weight 

Filler 
phr 

%weight 

0713-2 CY184 
100 
25 

HY1235 
90 
23 

DY062 
0.5 
0.13 

   0713-2 
208 
52 

0803 
Filler 

  38-239 B 
0.65 
0.18 

L9300 
22.5 
6.0 

AK10 
2.25 
0.60 

 W12 EST 
350 
93 

0803 CY184 
100 
27 

HY1235 
97 
26 

DY062 
0.5 
0.14 

   0803 
177 
47 

0818 
Filler 

  38-239 B 
0.65 
0.18 

L9300 
25 
6.6 

  W12 EST 
350 
93 

0818 CY184 
100 
27 

HY1235 
88 
24 

DY062 
0.5 
0.14 

   0818 
162 
45 

 

Table C. Samples from Step 1. The shaded samples were chosen for further evaluation. 

Sample 
number Type Description 

238   Pure epoxy 

239   Reference (filled epoxy) 

240 PE wax Kromachen MPi Aquapoly 250, oxidised PE wax 

241 Silicone oil Wacker Sipell RE 63 F - polydimethylsiloxane with 
epoxygroups 

242 Silicone oil Wacker L652 - Polydimethylsiloxan with aminoalkyl end 
groups 

243 Fischer-Tropsch wax Kromachen MPi Fischer-Tropsch wax MP12, UV curable 

244 PE wax Kromachen MPi MPP 620XF (very fine) 

246 Silicone oil Wacker Belsil - Stearyl dimethicone 

247 Silicone oil Wacker 23131VP - Polydimethylsiloxane with aminoalkyl 
end groups 

249 Silicone oil Wacker Finish WR 300 - Polydimethylsiloxane with 
aminoalkyl end groups. Amine end rate 0.27. 

250 White oil Sasol COX TEC 40C Fa. Merkur -  Highly refined 
hydrocarbon. 

251   Boltorn 

252 Gel wax Sasol VarGel 6517 - High boiling HC with polymer additive 

253 PE wax Shamrock S-379 - PE, low molecular weight 

254 PE wax Shamrock S-394 - PE, medium molecular weight 

255 PE Carnauba alloy Shamrock S-232 - PE with carnauba, fine micronized 

256 PE wax Shamrock S-395 - PE, high molecular weight 

257 Hydropel Shamrock Hydropel - For long term hydrophobicity. 
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Continuation of table C. Samples from Step 1. The shaded samples were chosen for further evaluation. 

Sample 
number Type Description 

258 Liquid PE Shamrock Versaflow - liquid polyethylene 

259 Fischer-Tropsch wax Sasolwax H1 

260 Standard parafin Sasolwax 5603 - saturated hydrocarbons 

261 Fischer-Tropsch wax Sasolwax C80 - saturated hydrocarbons 

262 Mikrowax Sasolwax 3971 - solid, saturated crosslinked HC. Adhesive. 

263 Soja Merginates Epoxidised sojabean oil 

264 Cashewnut oil Cashewnut oil 

265 Carnauba wax  Byk Cera Ceracol 601 - Carnauba in dipropylenglycol-
monomethylether 

266 PP wax Byk Cera Ceraflour 970 

267 HD PE wax Byk Cera Ceraflour 950 

268 PE wax Byk Cera Ceraflour 991, ~ S-394 

269 PE wax Byk Cera Ceraflour 990, ~ S-394 

270 Fischer-Tropsch wax Byk Cera Ceraflour 940, low molecular weight ~ S-379 

271 PE wax Byk Cera Ceraflour 962 ~ S-395 

272   Trevax SF 

273 Silicone oil Silikonöl 10000 (visc: 10000 cSt) 

274 Silicone oil Silikonöl 1000000 (visc: 1000000 cSt) 

275 Perfluorester Perfluorester 
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Table D. Samples from Step 2. The shaded samples were chosen for further evaluation. 

Sample 
number Type Description 

281 L652/ Siliköl 10000 1%w L652 - 2%w Siliköl 10000 

282 Silicone oil 1%w Finish WR 300 - 2%w Versaflow 

283 Silicone oil/ PE Carnauba 
alloy 1%w Finish WR 300 - 2%w Hydropel 

284 L652/ Siliköl 1000000 1%w L652 - 2%w Siliköl 1000000 

285 L652/ Hydropel 1%w L652 - 2%w Hydropel 

286 L652/ Silicone oil 1%w L652 - 2%w Versaflow 

287 L652/ Silicone oil 1%w L652 - 2%w Sipell RE 63 F 

288 L652/ Oxidised PE wax 1%w L652 - 2%w Aquapoly 250 

289 L652/ gelwax 1%w L652 - 2%w VarGel 6517 

290 L652/ standard parafin 1%w L652 - 2%w Sasolwax 5603 

291 L652/ TrevaxSF 1%w L652 - 2%w TrevaxSF 

292 L652/ PE wax 1%w L652 - 2%w S-394 

293 L652/ Fischer-Tropsch wax 1%w L652 - 2%w Sasol wax Ak080 (C80) 

294 L652/ Mikrowax 1%w L652 - 2%w Sasol wax 3971 

295 L652/ PE Carnauba alloy 1%w L652 - 2%w S-232 

296 Weissöl/ Fischer-Tropsch wax 2% Weissöl - 1% Ak080 

297 Versaflowl/ PE wax 2% Versaflow - 1% S 394 
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Table E. The initial advancing contact angle for all tested samples and references, together with their advancing 
contact angle after corona and recovery (504h) and the recovery calculated in percent. 

Sample Initial advancing 
contact angle (°) 

Advancing contact angle 
after corona and 504h of 

recovery (°) 
% recovery 

241 119 92 77 
249 119 78 66 
254 125 89 71 
255 122 75 61 
257 131 73 56 
259 129 71 55 
260 122 75 62 
261 115 94 82 
262 116 83 72 
282 109 89 82 
285 116 89 77 
286 117 89 76 
287 130 109 84 
293 128 104 81 
294 131 113 86 
295 119 99 83 
296 103 83 81 

Reference 109 73 67 
Silicone 125 118 94 
CY5622 111 67 61 
 

Table F. The hydrophobicity levels obtained from the spray testing of all the materials. The shaded sample 
numbers are the samples that were chosen for further evaluation. The shaded results are those showing 
hydrophobicity levels of HC3 or more. 
Sample 
number 

Initial 
surface 

After 
cleaning 

After 
grinding 

After 1-3 
weeks at RT 

After 24h at 
80°C 

After 2 weeks 
at 80°C 

238 2 1 6 6   
239 1 1 6 6  6 
240 1 1 6 5 6 6 
241 1 1 5-6 2  1 
242 1 1 6 5  3-4 
243 1 1 6 5 5 4-5 
244 1 1 6 6 6 6 
246 2 1-2 6 6  6 
247 2 1 6 5  6 
249 1 1 6 6 1, then 6 2-3 
250 1 2 6 5 6 6 
251 1 1 6 6   
252 1 1 6 6 6 6 
253 1 1 6 5 5-6 6 
254 1 1 5-6 5 1 2 
255 1 1 6 6 1 1 
256 1 1 6 6 5 6* 
257 1 1 6 6 6 1 
258 1-2 1 6 5.5  6 
259 1 1 6 6 2 1 
260 1 1 5-6 6 2-3 2 
261 1 2-3 6 6 2 1-2 
262 1 2 6 6 1 1 
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Continuation of table F. The hydrophobicity levels obtained from the spray testing of all the materials. The 
shaded sample numbers are the samples that were chosen for further evaluation. The shaded results are those 
showing hydrophobicity levels of HC3 or more. 
Sample 
number 

Initial 
surface 

After 
cleaning 

After 
grinding 

After 1-3 
weeks at RT 

After 24h at 
80°C 

After 2 weeks 
at 80°C 

263 2-3 5 6 6 6 6 
264 1 1 6 6 6 6 
265 1 2 6 6 6 5 
266 1 2 6 6 6 6 
267 1 2 6 6 6 6 
268 1 1 5 5-6 6 5-6 
269 1 1 5 5-6 6 5-6 
270 1 1 5 5-6 6 6 
271 1 2 6 6 6 6 
272 1 3-4 6 6 6 6 
273 1 1 5 4 5 3-4 
274 1 1 6 6 6 6 
275 1 1 6 6 6 6 
281 1 1 3* 6 4 4 
282 1-2 2 6 3 5 2 
283 1 1 6 6 6 4 
284 1 2 6 6 5 4 
285 1 1 6 5 4 2 
286 1 3 5 6 5 2 
287 1 2 3* 3 3 2 
288 1 2 6 6 6 5 
289 1 2 6 5-6 5 6 
290 1 1 6 6 6 3-4 
291 1 1-2 6 6 6 5 
292 2 2 6 6 6 5 
293 1 1 6 6 1 1 
294 1 1 6 6 4 3 
295 1 1 5-6 6 2-3 3 
296 1 1 5 6 1-2 1-2 
297 1 1 6 6 6 6 

* The samples that were not hydrophilic after grinding turned hydrophilic after the subsequent washing. 
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8.2 Figures 

 

Figure A. SEM images of the reference sample (the filled epoxy system CY184), sample 0406. 

  
Sample 0406. Magnification 50X. Sample 0406. Magnification 500X. 

 

Figure B. SEM images of samples 0615-1 – 5 (left) and 0620-1 – 5 (right). 

  
Sample 0615-1. Magnification 50X. Sample 0620-1. Magnification 50X. 

  
Sample 0615-2. Magnification 50X. Sample 0620-2. Magnification 50X. 



 

 X 

  
Sample 0615-3. Magnification 50X. Sample 0620-3. Magnification 50X. 

  
Sample 0615-4. Magnification 50X. Sample 0620-4. Magnification 50X. 

  
Sample 0615-5. Magnification 50X. Sample 0620-5. Magnification 50X. 
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Figure C. 

 
Description of the different steps in the work done at the Freiburger Materialforschungszentrum. 
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Figure D. SEM images of samples from Step 1. 

  
Sample 241. Magnification 500X. Sample 249. Magnification 500X. 

  
Sample 254. Magnification 500X. Sample 255. Magnification 500X. 

 
 Sample 257. Magnification 500X.  
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Figure E. SEM images of samples from Step 2. 

  
Sample 282. Magnification 500X. Sample 287. Magnification 500X. 
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Figure F. Recovery after corona aging for all tested samples from Step 1-3. 
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The recovery after corona measured with goniometer. 
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The recovery after corona measured with spraytests. 
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8.3 Comparison between samples from Step 1 and 2 

 

The comparison will be done by going through the promising samples from Step 1, and 

comparing them with samples from Step 2 containing the same additives. After this the same 

thing will be done by going through the promising samples from Step 2. There will also be a 

comparison between the samples in Step 2 which are containing the same additive. 

 

Promising samples from Step 1 and their corresponding samples in Step 2 

Sample 241 containing Wacker Sipell, a PDMS with epoxy groups, shows no big separations. 

The sample recovers after grinding at room temperature and at 80°C. It shows no transfer 

effect, and recovers slowly to 90° after corona. In Step 2, Wacker Sipell is used in sample 

287, together with Wacker L652, a PDMS with aminoalkyl end groups. This sample shows 

even more promising properties than sample 241; it recovers at room temperature and 

repeatedly at 80°C, it shows no big separations, and it recovers very well after corona. It is 

worth noting that the sample from Step 1 containing only Wacker L652, sample 242, did not 

show enough recovery at 80°C to be selected for further testing. 

 

Sample 249 containing Wacker Finish, a PDMS with aminoalkyl end groups, show no big 

separation. However, the original sample seems damaged, possibly because of a highly 

viscous resin. The sample shows recovery at room temperature and at 80°C, but this is very 

easily washed out with water. It shows no transfer and after corona only recovers to about 

80°. Wacker Finish is in Step 2 used together with Shamrock Versaflow (liquid polyethylene) 

in sample 282, and with Shamrock Hydropel in sample 283. 

 

Sample 282 is a bit waxy, but does not show too big separations. It recovers slowly at room 

temperature, and repeatedly at 80°C. It does not show any transfer but recovers to an 

advancing contact angle of 90° after corona. This should also be compared to sample 258 

from Step 1, containing only Shamrock Versaflow. This sample was very oily with big 

separations and showed no recovery. It thus seems like the Wacker Finish can somehow 

stabilise the Versaflow. The combination of the two additives also seems to give a more stable 

recovery than Wacker Finish used alone. Sample 283 has big separations and shows only 

little recovery at 80°C. The Wacker Finish does not seem to be able to stabilise the Shamrock 

Hydropel enough and the result from the combined additives is worse than the ones obtained 

for the two additives used alone. 
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Sahmrock Hydropel is used alone in sample 257 which was also among the ones considered 

promising from Step 1. This sample showed very good recovery at 80°C, but it was later 

discovered that it was only a surface effect due to its waxy surface. It recovered to an 

advancing contact angle of 70° after corona and showed some transfer, probably because of 

the wax on the surface. In sample 285 the Shamrock Hydropel is combined with Wacker 

L652. This sample shows quite big separations and dark spots form on the grinded surface 

where oil is seeping out. It recovers at 80°C after grinding and to an advancing contact angle 

of 90° after corona. The results indicate that the Wacker L652 stabilises the Shamrock 

Hydropel a bit, so that it at least stays in the sample instead of separating to the surface of the 

sample. The results are a bit better than those obtained together with Wacker Finish. 

 

Sample 254 was one of the most interesting ones from Step 1, showing repeated recovery 

after grinding at 80°C, the highest hydrophobicity transfer effect and a recovery to an 

advancing contact angle of 90° after corona. The sample contains the polyethylene wax 

Shamrock S-394, which can also be found in sample 292 together with Wacker L652 and in 

sample 297 combined with Shamrock Versaflow. None of these samples showed any 

recovery after grinding, and they also had more separation than sample 254. The idea of 

mixing this promising wax with more mobile low viscous additives does not seem to work in 

these two combinations. 

 

Sample 255 contains Shamrock S-232 (polyethylene with carnauba). The sample shows no 

big separations and recovers at 80°C. It has no hydrophobicity transfer effect, and recovers to 

an advancing contact angle of 70° after corona aging. This can be compared to the results 

obtained for sample 295 which contains Shamrock S-232 together with Wacker L652. This 

sample shows slower recovery at 80°C but a quicker and better recovery after corona, where it 

shows a behaviour close to that of silicone.  

 

Sample 260 has colour inhomogeneities and some wax on the surface. Separation can also be 

seen in the form of big holes. The sample shows recovery at 80°C and recovers to an 

advancing contact angle of 70° after corona. It contains the standard paraffin Sasol wax 5603 

with saturated hydrocarbons. This additive can also be found together with Wacker L652 in 

sample 290 which also has big separations and only show little recovery at 80°C. The Wacker 
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PDMS does not seem to be able to stabilise the Sasol wax, and the result from the 

combination of the two additives is not improved compared to sample 260. 

 

Sample 261 contains Sasol wax C80. This additive is also used in sample 293 (combined 

with Wacker L652) and in sample 296 (with Sasol white oil). All three samples show big 

separation in the form of holes and waxy surfaces. All three also show recovery at 80°C, 

probably due to opened oil reservoirs. Both sample 293 and 261 also show some uneven 

hydrophobicity transfer effect. After corona aging sample 261 recovers to an advancing 

contact angle of 90°. Sample 293 also show a rapid recovery to an advancing contact angle of 

100°, but only attains a hydrophobicity level of HC4. Sample 296 recovers to an advancing 

contact angle of 90° (and HC4). The three samples show more or less the same behaviour. 

The observed recovery is most probably due to the reservoirs of separated additives. Worth 

noting is that the sample containing only Sasol white oil, sample 250, also has separation but 

no recovery after grinding. 

 

Sample 262 contains the Sasol 3971 microwax which can also be found in sample 294 

combined with Wacker L652. Sample 262 has a waxy surface and big holes. It shows 

recovery at 80°C and recovers to an advancing contact angle of 80° after corona aging. The 

transfer tests show an uneven hydrophobicity transfer effect, probably due to wax 

concentrations on the surface of the sample. Sample 294 shows the same separation problems, 

but recovers slower at 80°C and has no transfer. The recovery after corona is however quicker 

and better than for sample 262. The combination of wax and PDMS does not prove successful 

in this case either. 

 

Sample 259 was also among the ones considered promising from Step 1. Its additive, Sasol 

wax H1 has however not been used in any other sample yet. 

 

Promising samples from Step 2 and their corresponding samples in Step 1 

Most of the promising samples from Step 2 have already been discussed together with their 

corresponding samples from Step 1 above (i.e. samples 282, 285, 287, 293, 294, 295 and 

296). The only sample left to compare with its Step 1 counterpart is sample 286, containing 

Wacker L652 together with Shamrock Versaflow. As has been written above, the sample 

containing only L652 (sample 242) only showed very little recovery at 80°C. Sample 258, 

containing only Versaflow had a lot of separation, but did not either show recovery after 



 

 XVIII 

grinding. When the two additives are combined, however, the results are more promising. The 

sample shows recovery at 80°C and recovers to an advancing contact angle of 90° after 

corona aging. There is still quite a lot of separation though, even if it is not as bad as for 

sample 258, and no hydrophobicity transfer effect could be seen. The L652 stabilises the 

Versaflow, giving the sample oil reservoirs that can generate hydrophobic recovery. 

 

Comparison of samples from Step 2 containing the same additives 

The additives that are used in several samples in Step 2 are listed here to give a full 

comparison of their effects in different combinations.  

 

Wacker L652 has been chosen as the combination basis for most of the sample in Step 2 

since it is the reactive silicone oil that caused least problems during casting. It has been shown 

to have some stabilizing effect when used together with Shamrock Hydropel and Shamrock 

Versaflow and it seems to be enhancing the hydrophobic properties when used together with 

Wacker Sipell. However, when used together with the polyethylene wax Shamrock S-394 

there is an increased separation, and for combinations with Sasol 3971 microwax and 

Shamrock S-232 a slower recovery can be seen than for the waxes used alone. On the other 

hand, the recovery after corona is largely improved for the sample containing the combination 

with Shamrock S-232. For the combinations of Wacker L652 with Sasol wax 5603 and Sasol 

wax C80 there is no improvement of the hydrophobic properties. On the whole, the 

combination of Wacker L652 together with waxes does not seem to work as was desired. 

 

Shamrock Versaflow has been used in combinations with Wacker Finish, Wacker L652 and 

Shamrock S-394. Used together with Wacker Finish the Shamrock Versaflow gets more 

stabilised than when it is used alone, and it gives the sample more stable hydrophobic 

recovery than the sample with only Wacker Finish. The two additives are thus complementing 

each other. Also Wacker L652 seems to stabilise the Shamrock Versaflow, but there is more 

separation than for the combination with Wacker Finish. For the sample containing Shamrock 

Versaflow used together with the wax Shamrock S-394 the hydrophobic properties are 

worsened, once again showing difficulties for the combination of wax and liquid. 

 

Wacker Finish has been used together with both Shamrock Versaflow and Shamrock 

Hydropel. In both cases, Wacker Finish seems to be able to somewhat stabilise the other 
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additive. However, Shamrock Hydropel gives more promising results together with Wacker 

L652 than with Shamrock Versaflow. 

 

Shamrock Hydropel gives better results when combined with other additives than when it is 

used alone. Both Wacker Finish and Wacker L652 succeed in stabilising the Hydropel more, 

with the best results obtained in combination with Wacker L652. 

 

Sasol S-394 gave promising properties when used alone. In combination with the oil additives 

like Wacker L652 and Shamrock Versaflow the separation is however increased, and the 

hydrophobic properties worsened. Sasol C8 has been combined with Wacker L652 as well as 

Sasol white oil, giving more or less the same separation and hydrophobic properties as for the 

wax used on its own. 

 
 


